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NEW FM TRANSMITTERS 
yale dee S1O "5 Jceries 


This new series of FM transmitters 
for Band II, with power output of 1 
or 2 kW, is intended for remote- 
controlled, unattended operation. 
The design offers intrinsic flexibil- 
ity, interchangeability of units, 
convenient duplication of the 
complete transmitter and easy 
accessibility for servicing. 

The basic units are: Drive unit, 
1kW RF amplifier and associated 
power supplies. 

Various combinations of drive and 
amplifier units can be used so that 
several different programmes or 
powers can be radiated. 

A typical application could be the 
use of a pair of amplifiers in 
parallel with main and standby 
drive units. Automatic drive 
changeover facilities are provided. 
The drive unit embodies an entirely 
new technique of FM generation 
which greatly simplifies setting up 
and adjustment and provides good 
long term stability and low noise 
and distortion without the need 
for any special valve selection. 


View of typical assembly showing 1kW 
RF Amplifier (left) and Drive Unit 
(withdrawn) on right. 


NEW 
TELEVISION 


& FM 


TRANSMITTING AERIAL 
vel i=: (0 Osccrics 


For use on Television Bands I and 
III and FM Band II, this aerialisa 
new development based on the 
Mesny principle. The radiating 
system has been closely integrated 
with the design of the tower and 
the number of feed points has been 
reduced to a minimum. Several 
different versions are available 
with different power gains and 
polar diagrams. 
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MICROSECOND CHRONOMETER 


ee 
Robie aie, Sa Sa 


This equipment is designed to measure small intervals of time to 
a high order of accuracy and two ranges are provided : 


(I) I usec. to | sec. in steps of | usec. 

(2) 10 usec. to 10 sec. in steps of 10 usec. 
Accuracy of each range is better than + 0.005% -+ the step 
interval. 


Full details on this and other ‘ Cintel’ Chronometers are available 
on request. 


TELEVISION LTD 


A COMPANY WITHIN wil = RANK 


WORSLEY BRIDGE ROAD C 


SALES AND SERVICING AGENTS: 

Hawnt & Co. Ltd., 59 Moor St. Birmingham, 4 

Atkins, Robertson & Whiteford Ltd., Industrial Estate, Thornliebank, Glasgow 
McKellen Automation Ltd., 122 Seymour Grove, Old Trafford, Manchester, 16 


ORGANISATION LIMITED 


LONDON : S.E.26 
HITHER GREEN 4600 
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METROVICK 


Pneumatic -Electric Converter 


the perfect link between 
pneumatic & electronic control systems 


The Type P.C.8 Pneumatic-Electric Converter has been designed primarily as a link between 
pneumatic and electrical control systems where standard units in the two control mechanisms need to be combined. 
The input pressure is the normal 3-15 p.s.i. gauge used in process controllers and the output voltage 
(100 V max.) is suitable as, for instance, a reference voltage for most commercial motor speed controls. 


Other applications include conversion of air pressures for electrical recording. 


Write for leaflet No. ES4566/2 iNG 
‘oays 


SEPT. 20th 
25771, EZ OS 


LZ 


METROPOLITAN -VICKERS 


TRAFFORD PARK MANCHESTER, 17 


ELECTRICAL CO LTD 


GIVE FOR 
THOSE WAO 
GAVE 


An A.E.1. Company 


INDUSTRIAL PROCESS CONTROLS 
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Prompt 


Miniature high speed 
sealed relay 


delivery 
of 
your 


RELAY 


needs... 


Relay for use in high voltage 
and high frequency circuits 


The versatility of the telephone type 
relay has led to its widespread use outside 
the telephone industry. Our Woolwich 
Works developed the original BPO 3000 type 
relay which has since won world renown. 
With unrivalled experience in the design of 
relays for a wide variety of special 


applications, our engineers can give SIEMENS EDISON SWAN LTD 
; individual attention to problems in this field. An A.E.1. Company 

Prototypes can be delivered Woolwich, London S.E.18 

almost immediately, with bulk supplies Telephone: Woolwich 2020 Extn. 62! 


following in quick succession. 
We would welcome your enquiries. 


TAB 506 
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Programme Channel Equipment 
6$12/cmM 


UNIDIRECTIONAL 


.—C FILTERS 
OR BOTHWAY CIRCUITS 
ULE TEST 
-ACILITIES 50 c/s—I0 kc/s 
The overall performance of three 
> DLYPHASE systems in tandem (6 terminals) is 
“MODULATORS 


within the C.C.1.T.T. recommended 
limits for a ‘normal’ programme 
circuit. 

Bays may be equipped for either 


STABILIZED 
POWER SUPPLY 


unidirectional or bothway circuits, 
making the equipment suitable for 
both studio to transmitter circuits 
and national telephone network use. 
Polyphase modulation is used and a 
small portable test set is supplied 
with the equipment for adjustment of 


: the phase modulators. 
Send Terminal : 
A bothway channel is complete on 


THESE ILLUSTRATIONS ARE OF A TYPICAL one side of a standard oft. x 204 in. 
4-CHANNEL UNIDIRECTIONAL SYSTEM rack with power supplies and control 
ueeserange audio input levels panel. The only wiring required to 


Output 24 kc/s—34 kc/s 


or 84 kc/s—94 ke/s the main carrier system is for the 


carrier frequencies and input/output 


leads. 


Receive Terminal 


extending the frontiers of telecommunications 


SIEMENS EDISON SWAN LTD £2 4.£.!. Company 


Telecommunications Transmission Division, Woolwich, London SEI8, England 


Cables: Sieswan London 


TAB 748 
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TELEVISION CAMERA TUBES <£ | 
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The following countries are some of 


——————— 

———_ 

— those supplied by E.E.V. with Image American 

— Orthicon and Vidicon camera tubes:— Equivalent 

= Australia Iraq 3” Image Orthicon 

3 Austria Italy - (field mesh type) 
Belgium Norway , 3” Image Orthicon 
Canada Poland : (field mesh type) 
Cyprus Portugal Vidicon for 
Czechoslovakia Russia i industrial use 
Denmark Swesien 4%” Image Orthicon 
Finland Switzerland Vidicon for film 
France U.K. pick-up 
Germany Venezuela "Ty Orthi 
Holland Yugoslavia eigen e E Ee 


3” Image Orthicon 


3 y ; for colour pick { 
EN (; [| SH [i LE OTRI (; Write for full technical data of the complete range. 


ENGLISH ELECTRIC VALVE CO. Chelmsford, England 


Telephone: Chelmsford 3491 


AP300/108 
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SEE that your teleprinter 
circuits are distortion free 


T.D.M.S. 6B 
6B 18h” x 11k” x 13%” (46.4 x 28.5 x 31 cm.) 
Weight 34 lb. 15.3 kg. 


VMMCCCC=@él 


The percentage of distortion in a circuit can 
be read directly from the C.R.T. display on the 
T.D.M.S. 6B. The code elements are displayed 

as dots. A vertical radial display indicates distortion 
free operation. Displacement of the dots 

angularly represents short or long start distortion 
whilst uneven displacement of the dots 

represents random distortion :— 


OE 


* No interruption to the service 
while testing 


* Suitable for any type of 
code 


* Speeds 40-60, 60-80, and 
140-160 bands 


* Portable and 
mains operated 


WITH DISTORTION 


T.D.M.S. display 


T.D.M.S. display Spiral 
Spiral Trace 


Trace. 


The T.D.M.S. 6B may be used for the testing of 

relay neutrality, transit time, and contact bounce, etc. 
The characteristics of the relay under test can be seen 
and measured directly on the C.R.T. Used in conjunction 
with the T.D.M.S. 5B sender unit the pair of equipments 
make up a fully comprehensive test set. 

You are invited to write for a copy of a descriptive 
brochure which describes both instruments in detail. 


AUTOMATIC TELEPHONE & ELECTRIC CO. LID. 


STROWGER HOUSE, 


Telephone: TEMple Bar 9262. 


ARUINIDEE SS DREEms 


LONDON, W.C.2 
STROWGER WORKS, LIVERPOOL 7 


AT 14801 
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| touch... 


will serve you - for less! 


: 
7 ; a 
“ now available 
ae ee 
G.E.C. S-CIRCUIT JUNCTION RADIO EQUIPMENT 
hs “ providing 5 speech circuits each having a bandwidth of 
> Le 
me 300 c/s to 3400 c/s 
_ | This operates over distances of up to 40 miles (65 km), without repeaters in 
y any one of the following frequency bands: 
_ 71.5 Mc/s to 100 Mc/s 
Ly 132 Mc/s to 156 Mc/s 
156 Mc/s to 184 Mc/s 
‘Ane 235 Mc/s to 270 Mc/s 
Na | Helical aerials having a forward gain of 13 db are available for the frequency 
zh band 156 Mc/s to 184 Mc/s in addition to the standard Yagi aerial. 
¢€@ 


For further information, please write for Standard Specification SPO.505r. 


THE GENERAL ELECTRIC COMPANY LTD OF ENGLAND 
TELEPHONE, RADIO AND TELEVISION WORKS, COVENTRY 


G.E.C.14 


TEE. 
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EL360 |. . NEW pentode 


with high performance in 
THREE important ae lie 


The new Mullard pentode type EL360 is a remark- 
ably versatile valve and in three of its most im- 
portant applications it offers a particularly favourable 
performance. A feature of this valve which will be 
welcomed by designers of radar, television studio 
and similar equipment is the opportunity it provides 
for the standardisation and consequent reduction 
of valve types. 


EL360-as Pulse Modulator 


As a hard valve pulse modulator, the EL360 may be 
operated at 4.5 kV with a duty cycle of 0.001 and 
a peak cathode current of 4 amps. 


EL360-as Scanning Valve 


In scanning applications the EL360 may be operated 
from H.T. lines of 1 kV with a peak anode voltage 
of 7 kV. 


EL360—as Series Regulator 


Triode connected, the EL360 offers a high slope 
and a low impedance for medium voltage series 
regulator applications. When pentode connected, 
the valve may be used as a high voltage low current 
series regulator. 


Write to the address below for data which 
includes ratings for all applications. 


_ Mullard 


GOVERNMENT AND 
MULLARD LIMITED - MULLARD HOUSE E ae INDUSTRIAL VALVE DIVISION 


TORRINGTON PLACE: LONDON : W.C.I 


Telephone: LANgham 6633 


@ MvT 356c 
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The famous Avometers are possibly the most widely used instruments of their type in the 


World and have an excellent record of service under all climatic conditions, even at arctic 
temperatures. In tropical climates, however, there is a constant risk of derangement due to 
humidity, heat, and the development of fungoid growths. To meet these conditions, the 
manufacturers of Avometers have produced special types known as Models 7X, 8X and 
8(S)X, which are suitable for continuous use in any extremes of heat or cold. In these instru- 
ments, certain components are potted in Araldite epoxy resin, which has the advantages of 
remarkable adhesion to metals, ceramics, etc., good dielectric properties, low shrinkage, 


resistance to moisture and extremes of climate, and complete freedom from micro-biologica} 


attack. 


Araldite epoxy resins have a remarkable range of characteristics and uses. 


They are used * for producing glass fibre laminates 


* for bonding metals, porcelain, glass, etc. 
*% for casting high grade solid insulation 


* for impregnating, potting or sealing 
electrical windings and components 


* for producing patterns, models, jigs, tools, etc. 
* as fillers for sheet metal work 
* 


as protective coatings for metal, wood 
and ceramic surfaces 


Araldite (janes 


CIBA (A.R.L.) LIMITED Duxford, Cambridge. Telephone: Sawston 2121 
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SEMICONDUCTOR 
TECHNOLOGY 


TEXAS INSTRUMENTS, one of the foremost manufacturers of Semiconductors, prides itself on the 
Technical Information available on its products. The data sheets provide full parameter informa- 
tion while the application reports give valuable assistance to circuit designers. 

If you are not already receiving our publications please write to us, on Company notepaper, now:- 


TEXAS INSTRUMENTS LIMITED 


DALLAS ROAD, BEDFORD 


Tel: BEDFORD 68051. Cables: TEXINLIM BEDFORD 


T 12BW 
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Marconi in Telecommunications 


The post and 
telegraph 
authorities 
of more than 
80 countries 
use Marconi 


equipment 


COMPLETE COMMUNICATION SYSTEMS 
| : SURVEYED: PLANNED: INSTALLED : MAINTAINED 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND 
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Design 
Advisory - 


Service 


Permanent magnets require a magnetising 
force proportional to the coercivity of the 
material. It is extremely important that the 
magnetising force is not below the specified 
minimum value, otherwise a reduced perfor- 
mance may be obtained from the magnet. 


To assist the designer these values are given 
below. 


MATERIAL MAGNETISING FORCE 


C.g.S. M.K.S. 


‘Ticonal’ C, G, Gx and L 2,500 AT/cm. 0.25 x 10° AT/m. 
‘Ticonal’ K 3,600 AT/cm. 0.36 x 10° AT/m. 
‘Reco’ 3A 2,000 AT/cm. 0.20 x 10° AT/m. 
‘Magnadur’ | 12,000 AT/cm. 1.2 x 10° AT/m. 


Modern magnet materials require consider- 
ably more magnetising power than earlier 
materials. It may be as high as 40 times that 
required by tungsten or chrome steels. In 
order to obtain the maximum effect from the 
magnetising current it is recommended to 
short circuit the magnet during magnetis- 
ation by a heavy iron yoke. 


The magnetising current may be obtained by 
several methods; some of which are outlined 
below. 


a. Metal Rectifiers (Fig. 1.)— generally prefer- 
able where it is possible to use a low current 
and many turns on a pre-wound coil. If an 
electromagnet is used it should be possible to 


wwmrerwwewnne nee ee we em we ww ewww wo 


Methods of 
Magnetising Magnets 


Advertisements in this series deal with general 
design considerations. If you require more specific 
information on the use of permanent magnets, 
please send your enquiry to the address below, 
mentioning the Design Advisory Service. 


attach specially shaped pole pieces to magne- 
tise various types of magnets or magnet 
assemblies. 


b. Ignitron Pulse Circuits—the use of ignitrons 
for controlling half cycle pulses is recom- 
mended where repetition magnetisation is 
required. The current available directly from 
the mains is usually sufficient for magnetising 
most magnets, but if a higher current is 
required, specially designed transformers are 
available for stepping the current up to 
higher values, of the order of 100,000 amps. 
This method is not recommended for magnets 
of large section as the eddy-current shielding 
effect produced during pulse magnetisation 
opposes the magnetising field and incomplete 
magnetisation may result. 


c. Storage Accumulators—these are normally 
recommended for supplying current to coils 
for experimental work. When using accumu- 
lators adequate precautions should be taken 
for breaking the highly inductive circuit 
carrying high current. 


d. Capacitor Discharge — the high current 
usually associated with magnetising can be 
obtained by discharging the current from a 
large charged condenser. This method gener- 
ally uses an ignitron both as a switch and as 
a means to prevent oscillation with con- 
sequent partial demagnetisation of the 
magnet. 


e. Motor-generators—can be particularly use- 
ful for supplying the current necessary 
for magnetising purposes. A wide variety 
of these are available to suit individual 
requirements. 


*“TICONAL’ PERMANENT MAGNETS 
“MAGNADUR’ CERAMIC MAGNETS 
FERROXCUBE MAGNETIC CORES 


Mullard 


MULLARD LIMITED, COMPONENT DIVISION, 


MULLARD HOUSE, TORRINGTON PLACE, W.C.I LANgham 6633 
MC266 
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9 motors in a large chemical plant 


—all controlled from one central panel 


This Dewhurst panel, recently installed 

in an expensive chemical plant situated on the 
North-East coast, provides positive central control 
of 75 motors, ranging from 3 to 50 h.p. located 


in various processing departments of the plant. 


0 1 ——_aan- 
Sreeree = Be 


a 


DEWHURST & PARTNER LIMITED 


INVERNESS WORKS > HOUNSLOW: MIDDLESEX 


Telephone: Hounslow 0083 (8 lines) Telegrams: Dewhurst Hounslow 


jad at BIRMINGHAM + GLASGOW - GLOUCESTER - LEEDS - MANCHESTER - NEWCASTLE - NOTTINGHAM 
DP.IS 
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MARCONI’S 


WIRELESS TELEGRAPH 


MARCONI 


Telecommunications 


The post and telegraph authorities of more than 
80 countries use Marconi equipment 


Electronics for Aviation 


More than 50 Civil Airlines and 30 Air Forces 
use Marconi radio, radar and navigational aids 


Television 


18 countries rely on Marconi Television 
Transmitting or Studio Equipment 


Broadcasting 


80 countries rely on Marconi 
broadcasting equipment 


Radar 


29 countries use Marconi Radar 


MARCONI 


COMPLETE SYSTEM PLANNERS 


COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND 


M8 
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A NEW 
INTERMEDIATE 
POWER 
TRANSISTOR 


Bridges the gap between audio and power types 


GOLIOP 


Type V1I5/20 IP and V30/20 IP 


Available now for 
development purposes 


The Newmarket Transistor Company, first to make RF transistors 
in Britain on a commercial scale and first again with power types, 
now introduces a new intermediate power transistor which fills the 
gap between the general purpose audio and 10-Watt power types. 
Perfectly sealed by a cold welding process, this new unit has a 
special clip mounting which eliminates large fixing studs. Maxi- 
mum power dissipation is obtained with the unit on a heat sink 
but a useful output is obtainable with the transistor alone, making 
it ideal for use with printed circuit boards. 


ACTUAL |} | SIZE Abridged data 


MAXIMUM RATINGS 

Collector Voltage (Vcb) DC or Peak, 15V (V15), 30V (V30) 

Collector Current (Ic) DC or Mean, 2A 

Junction Temperature 75°C. 

Collector Power Dissipation—(1) on 9 sq. in. of 16 swg aluminium, 2 Watts. 
(Derating 40 mW/°C. rise above 25°C.) 
(2) transistor only in free air, 0.5 Watt 

Thermal Resistance (Junction to mounting surface)—10°C./W 


CHARACTERISTICS 

Collector cut-off current 50U—A (max.) 

Current gain (Beta) —2o0mA 40 (typical) 
—150omA 25 er 
—s500mA 16 as 

Alpha cut-off frequency —20mA_ 250 Kes (typical) 


Typical applications 
R.F. TRANSMITTERS 
Output powers up to 3 Watts are possible at frequencies up to 500 Kes. 


AMPLIFIERS 
Class A or B amplifiers operating at audio or radio frequencies. 


All enquiries to: ; DRIVER AMPLIFIERS 
: Characteristics are ideal for driving Goltop V15 and V30 power transistors in 
Newmarket push-pull. 


- . d SWITCHING CIRCUITS : ; 
*#ransistor Co L t The maximum mean current rating of 2 Amps permits the use of large pulse 


Exning Road, Newmarket currents as required in servo control systems. 
OSCILLATORS 
Suffolk Ultra-sonic and low RF power oscillators up to 500 Kes. 
: 8 | -4 D.C. CONVERTERS 
CT a aa Outputs up to 6 watts per transistor. 


STABILISED POWER SUPPLIES 
Can be used for the series elements of supplies delivering up to 2 Amps or 


as drivers in larger units. 
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Al : U = can be suppl 
nn its temperature 
can 
at 30p 


have excel and long 
Ce Standard Telephones and Cables Limited 
Registered Office: Connaught House, Aldwych, W.C.2. 
QUARTZ CRYSTAL FACTORY: HARLO : 
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Redifon 


THE WORLD’S LEADING MANUFACTURERS OF RADIOTELEPHONES 


introduce the GR.400 
TRANSISTORISED 
SSB Radiotelephone 


TRANSISTORISED — for 
reliability, compactness, minimum 
weight and power consumption. 


THIRD METHOD of SSB 
eliminates the need for expensive 
filters and critical adjustment. 


SIMPLEX or DUPLEX — the 
standard model is for Simplex — an 
additional receiver is supplied for 
Duplex operation. 


COMPATIBLE — for use on 
single sideband or in conventional 
double sideband networks. 


COMPACT — only 14 ins. deep, 
for conveniently mounting on desk 
or table top. 


FULL TROPICAL SPECIFICATION 


Power output : 60 watts P.E.P. 
Frequency range : 2-10 Mc/s. 


Channels : 4 crystal controlled spots 
in any part of the range 


Dimensions : 25” 214” x14” deep. 


Power supplies : 100-125v or 
200-250v AC or 12 or 24v DC. 


Power consumption: 280 VA for 
60 watt output. 


for R/T With all thé advantages of single sideband, the GR.400 is still as 
simple to operate as an ordinary telephone. The first 
or CW transistorised radiotelephone, this new model further enhances the 
wide range of Redifon radiotelephones — many thousands 
operation of which are in use all over the world. 


REDIFON LIMITED § Radio Communications Division, Broomhill Road, London S.W.18 
No. 68 AR Telephone: Vandyke 7281 A Manufacturing Company in the Rediffusion Group 
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Technical advances in electrical and electronic engineer- 
. ing often call for the development of special transformers. 
S ecl al Savage of Devizes thrive on breaking this new ground, and 
| & many of their revolutionary Massicore instruments of a few 
years ago are now regarded as “standard” products. 
or Special or standard, all Massicore transformers have the 
same essential ingredient—conscientious craftsmanship. 
Equally important is the individual attention given to all 
Standard enquiries and orders regardless of size; and we make a point 
of keeping our delivery promises. 
RENT EN 


The special Massicore transformer on 
the left (type 5E54) has the following 
characteristics: Primary I15v and 230v. 
Secondary 230v 500VA. Total capacity 
secondary to core and primary 15 p-f. 
Total leakage inductance 25 m/hys. Full 
load regulation 7%. 

The more standard instrument illus- 
trated above is an hermetically sealed 
smoothing choke. Your requirements may 
call for instruments very different from 
these examples. Please take advantage of 
our experience, knowledge and construc- 
tional skill in the production of all types 
of transformers. 


ae ee 


Corner for Contented Customers 
“T would like to offer my utmost thanks 
to you for helping us with our problems. 
I am certain that your services could not 
have been equalled by another firm”. 
LMC yPOOEES 


SAVAGE TRANSFORMERS LTD - Nursteed Road - Devizes - Wiltshire - Tel: Devizes 932 


TP/58 


types of D.C. power supply 


which the output voltage 


Wpe 


‘2 
i 


ERVOMEX 


these comprise... 


Servo Gontrolled 
For example D.C. 56 to D.C. 60 


Units of 1,200 watts output with servo 
control and a response time of about 
5 cycles of the mains supply. 


Voltage} 3-30V | 6-60V 

Current] 0-40A | 0-20A 
Ripple at 

full load | <o0.1% | <o.1% 


Response 
time | roomS | 100omS 


Purely electronic, using 


a high frequency voles 
- rren 

carrier wave Ripple at 

For example D.C. 38 full load 

Low tension supplies using hard valves Stability 

throughout and having a response time Response 

of about 1 millisec (a few cycles of super- time 

sonic carrier wave); the stability of this 

type is about 100 times better than the last, 

and can approach one part in 10° 

under laboratory conditions. 

Using Transistors and 

Zener Diodes MS 
urrent 

For example D.C. 65 Saal Ripple at 

Low tension supplies using semi conductor full load 

techniques throughout. The response time Stability 

is 50 to FOO microseconds determined y Response 

mainly by the inherent delay of germanium time 

transistors. The stability, particularly against 

changes of temperature is not so good as the 

D.C. 38 but is more than adequate for 

many purposes. 

“« Conventional ”’ - 

4 : ; oltage 
High Tension Units Pisani 
For example D.C. 68 aes 
These are conventional H.T. units of little ae 

Sea Stability 
technical interest. They are offered to our Res 

: ponse 

customers when they are already in fe 


production as constituent parts of our own 
control systems. 


is stabilised by feed back 


D.C. 56 | D.C. 58 | D.C. 59 | D.C. 60 


10-I120V]|20-240V 
O-I0A | o-5A 


<O;ty/s | <0; 8 7/, 


Stability |+ roomVj+200mV + 400mV|+800mV 


roomS | 100mS 


D.C. 38 
I-15V 
0-2.5A 


| 0.02% 
+5mV 


ImS 


| D.C. 65 
6-14V 
o-1A 


<0.02% 
+r1omV 


roouS 


D.C. 68 
250-350V 
o-150mA 


<0.001% 
+200mV 


Tous 


CONTROLS LIMITED, CROWBOROUGH HILL, JARVIS BROOK, SUSSEX. CROWBOROUGH 1247 
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BROAD BAND CARRIER TELEPHONE EQUIPMENT 


SIEMENS EDISWAN Y eeD Ia beceuare an pee en name in the PROGRAMME. CHANNEL EQUIPMENT 
world of telecommunications. Faithful adherence to the high standards 

of manufacture and testing established for so many years by Siemens VOICE FREQUENCY TELEGRAPH EQUIPMENT 
Brothers and Ediswan, coupled with an extensive programme of VOICE FREQUENCY REPEATER EQUIPMENT 


continuous research and cee. are the hevetae of a progress. RADIO TELEPHONE TERMINAL EQUIPMENT 
They are the reasons why Siemens Ediswan are gaining a fine 


reputation as makers of telecommunications equipment second to FIVE BAND PRIVACY EQUIPMENT 
none in dependability and efficiency. TRANSMISSION TEST GEAR 


Details of our current range of equipment are available on application. COMPONENTS AND OTHER EQUIPMENT 


SIEMENS EDISON SWAN LTD An A.E.I. Company 


Telecommunications Transmission Division, Woolwich, London SEI8 
Telephone: Woolwich 2020 Telegrams: Sieswan Souphone London 
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Tuning range 10 to 470 Mc/s . . . carrier stability 0-0025% ... 
both stepped and continuously-variable incremental tuning... 
output level adjustable from 0-2 uV to 200 mV . . . two mod- 
ulation frequencies . . . any deviation up to 100 kce/s. These are 
just a few of the features which have gained the Marconi TF 
1066A its world-wide reputation for precision f.m. measurements. 
Couple the TF 1066A to its auxiliary Amplitude Modulator TF 
1102 and high-fidelity a.m. signals are also available. Together 
the two instruments form a com- 
bination of almost unlimited 
application. If you would like 
further details, please write for 
Leaflets K 137. 


AM & FM SIGNAL GENERATORS + AUDIO & VIDEO OSCILLATORS 


FREQUENCY METERS + VOLTMETERS + POWER METERS 
DISTORTION METERS . FIELD STRENGTH METERS 
TRANSMISSION MONITORS . DEVIATION METERS 


OSCILLOSCOPES, SPECTRUM & RESPONSE ANALYSERS 
Q METERS & BRIDGES 


MARCONI INSTRUMENTS LTD ° ST. ALBANS ° HERTFORDSHIRE ~ TELEPHONE ST. ALBANS 56161 


London and the South: Marconi House, Strand, London, W.C.2. Tel: COVent Garden 1234. Midlands: Marconi House, 24 The Parade, Leamington Spa. Tel: 1408 


North: 23/25 Station Square, Harrogate. Tel: 67455. C137 
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SIGNAL GENERATOR 
TYPE 702 


The Airmec Low Frequency Signal Generator has 
been designed to provide a stable, accurate and 
easily controlled source of voltage in the frequency 
range 30 c/s—30 ke/s. 


OSCILLATOR 

A resistance-capacitance type of oscillator is 
employed to obtain a stable output waveform with 
very low harmonic distortion. Such disadvantages 
as spurious R.F. content in the output signal, and 
poor frequency stability, which are commonly 
associated with beat-frequency oscillators, are 
thereby eliminated. 


OUTPUT CIRCUIT 

The output circuit of the instrument uses a 
screened and balanced transformer to enable 
unbalanced, balanced and floating conditions to be 
obtained, and a 600 ohm constant impedance 
attenuator provides steps of 0, 20, 40 and 60db 
of attenuation under all output conditions. A single 
level control is incorporated for setting the output 
to any desired value, and the amplitude is moni- 
tored by a diode valve voltmeter calibrated both 
in open circuit volts and in db relative to 1 milliwatt 
in 600 ohms. 


BENCH USE and FORWARD MOUNTING 

The instrument is enclosed in a standard Airmec 
case and is therefore both for bench use and for 
forward mounting on a 19-inch rack. 


Immediate Delivery 
Full details of this or any other Airmec instrument 
will be forwarded gladly on request. 


INSTRUMENTS FOR RESEARCH & INDUSTRY 


AIRMEC LIMITED HIGH WYCOMBE «+ BUCKS 
Telephone: High Wycombe 2060 


( xxiv ) | 


ELECTRICAL 


EQUIPMENT 


Motor Alternator Set 
12 kVA, 400 c.p.s. 


single phase, 3000 r.p.m, 
with exciter 


For further details ; 
write to the 


manufacturers. 


NEWTON BROS. (DERBY) LTD 


ALFRETON ROAD DERBY 


PHONE. DERBY 47676 (4 LINES) GRAMS: DYNAMO, DERBY 
London Office: IMPERIAL BUILDINGS, 56 KINGSWAY W.C 2 


ZENITH 


(REGD. TRADE-MARK) 


PHASE SHIFTING 
TRANSFORMER 


This instrument provides cor 
venient means for adjustin 
the phase angle or powe 
factor in alternating currer 
circuits when testing single o 


polyphase service meter: 
wattmeters, or power factc 
indicators, etc. It is also th 
simplest for teachin 
and demonstrating Alternatin 


Current Theory as 


means 


affectin 
phase angle and power factor. 


Illustrated brochure free on request 


The ZENITH ELECTRIC CO. Ltd 


ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREE] 
LONDON, N.W.2 


Telephone : WILlesden 6581-5 Telegrams: Voltaohm, Norphone, Londo 


MANUFACTURERS OF ELECTRICAL EQUIPMENT 
INCLUDING RADIO AND TELEVISION COMPONENTS 
i eee 
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DIFFUSED JUNCTION 
POWER RECTIFIERS 


Ferranti offer a range of hermetically 
sealed rectifiers with peak inverse : 
voltage ratings up to 300 volts, and rec- 2 
tified current from 100 mA. to 30 amps. 
from a single convection cooled diode. 


SPECIAL FEATURES 


@ More power in smaller space. 


@ High AC to DC conversion 
efficiency. 


@ Excellent regulation. 


@ Reliable operation at high 
temperature. 


@ Minimum maintenance. 


@ High forward and very low 
reverse current. 


Ferranti Silicon Rectifiers are rigorously 
tested to Service and Industrial Specifi- 
cations covering vibration, .shock and 
humidity, and are suitable for Airborne, 


Marine and Industrial Electrical * 
applications. 


Data Sheets and Application Reports 


are available and will be supplied 
on request. 


FERRANTI LTD © GEM MILL «+ CHADDERTON + OLDHAM + LANCASHIRE 
London Office: KERN HOUSE, 36 KINGSWAY, W.C.2. 


FEI8s/2 
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Wire for 
electrical progress 


Lewmex or Lewkanex, Lewcosol or Lewco- 
glass—just a few of the ‘LEWCOS’ 


range of insulated wires designed to meet 


every need or application in the electrical 


industry, backed by intensive research 


and a first class technical service. 


the largest manufacturers of 
insulated wires and strips in Europe 


LEYTON - LONDON ° Ero 


only the best 
for Britannia 


SMITHS BEAM COMPASS with FOXPOTS 


BRITANNIA AND OTHER AIRCRAFT RELY ON SMITHS 
—SMITHS RELY ON FOX-POTS 
FOX-POTS ARE ALWAYS ON THE BEAM 


The Fox-Pot used in the Smiths Flight Beam Compass is a 
modification of a standard Fox Potentiometer. 


Write for details of the full range of Fox-Pots to:— 


P. X. FOX LTD., Dept. 215, HARKSWORTH ROAD, HORSFORTH, YORKSHIRE 
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MUMS CHICCUR Cm in south Australia 


The Australian Post Office has selected 


our No. 17 System incorporating the unique 


motor uniselector to serve the new and completely 


planned modern City and Community 


of ELIZABETH, South Australia. 


ELIZABETH 


a reputation for reliability 


SIEMENS EDISON SWAN LTD MAE. Company 
Public Telephone Division, Woolwich, London S.E.18 


TA 1344 Telephone: Woolwich 2020 
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It takes more than one good catch to make a fisherman 


...andit takes more than one success to make a business. 
While we won’t go through a full list of our successes in 

the past (let’s just say that several very well known 

concerns are our regular customers), if long experience in the 
highest quality precision moulding is what 

you’re looking for, plus the capacity to turn outajob 

bang on time, contact: 


Metropolitan Plastics Ltd 


«anid ZINC y 
sy x mare. , ' 
a) Specialists in thermosetting plastics 


lr castt®® 


Glenville Grove, Deptford, London SE8 
Telephone: Tipeway 1172 


RICHARD JOHNSON & NEPHEW LIMITED, MANCHESTER 11 Tel. EAST 143 
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Q UARTZ xu 
CRYSTALS 


From 


G. EC 200 cycles/sec. 


| to 
For long term stability and 


90 Mc/sec. 


unfailing activity, G.E.C. Quartz 


Crystal Units provide the basis 
for reliable communications 


sys tems. 


A complete range of units to meet 


D.E.F.5271 and R.C.L.271 


Inter-Services styles can be 


supplied. 


SALFORD ELECTRICAEZAINSTRUMENTS LIMITED 
( COMPONESSS GROUP) 
meres MILL ~- HEYWOOD -leenains GeAudikid Rub Tel : 


Heywood 6868 
London Sales Office == 1: Temple Bar 4669 ———— 
femas i DIARY OF THE GENERAL Pere C CO". 


ED. UF ENGT: AND 
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PHILIPS 


in Science and Industry alike... 


among technicians, manufacturers and those 
engaged in the sale of electrical products — as 
well as among the public at large, the Philips 
emblem is accepted throughout the World as 


a symbol of quality and dependability. 


PHILIPS ELECTRICAL LTD 


Century House : Shaftesbury Avenue - London - WC2 


Radio & Television Receivers « Radiograms & Record Players : Gramophone Records + Tungsten, Fluorescent, Blended and Discharge Lamps & Lighting Equipment - ‘Philishave’ 
Electric Dry Shavers + ‘Photoflux’ Flashbulbs - High Frequency Heating Gencrators - X-ray Equipment for all purposes - Electro-Medical Apparatus » Heat Therapy Apparatus 


Arc & Resistance Welding Piant and Electrodes « Electronic Measuring Instruments - Magnetic Filters + Battery Chargers and Rectifiers - Sound Amplifying Installatiens - Cinema 
Projectors * Tape Recorders + Health Lamps + Hearing Aids + Electrically Heated Blankets 


30 to 100 amp. 500 volt A.C. or 
D.C., two or three-pole splash- 
proof, switch interlocked with 
lid (Form B). 


INTERLOCKED METALCLAD 
SWITCH SOCKETS & PLUGS 


DOG OYLIN 


Safe to use because of the complete interlocking. 
Plug cannot be withdrawn unless switch is off; 


circuit always made on the switch—not the plug pins and 


socket tubes. Made in two styles, Form C (15 amp.), 


1S amp. 500 volt A.C. or 
Form B (30 to 100 amp.). D.C., two or three-pole 


corm Wiel dostuecet oa 

n wi ustproof cap. 

THE DONOVAN ELECTRICAL CO LTD locked with plug (Form 
GRANVILLE ST., BIRMINGHAM 1 é 


LONDON DEPOT; 149-151 YORK WAY, N.7 
GLASGOW DEPOT: 22 PITT STREET, C.2 


Sales Engineers available in London, Manchester, Glasgow, Belfast, Bournemouth 
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“The Greeks 
had a 


word 
for ie! 


BAPAEY 
BIATNHTIZ AIOO2 


Or, to be more precise, Varley Solenoids, which push, pull, punch or press from 
fractions of an ounce to hundreds of pounds through thousandths of an inch to five inches. 
Remote control by Varley Solenoids saves time and money. 100% British in 


WING 
oAy 

SEPT. 20th 

LEAQORES 


LZ 


GIVE FOR 
THOSE WHO 
GAVE 


design and manufacture. All normal voltages and ratings “ off-the-shelf”. For any 
specific application, prototypes—7-10 days, quantity production—3-4 weeks. 
For full details of Varley Solenoids mail this coupon:— 


OLIVER PELL CONTROL LTD 

eon. Cambridge Row - Woolwich « London, S.H.18 - England 

al SOLENOIDS Cables: Varlymag, Woolwich * Telephone: Woolwich 1422 
REGD. TRADE MARK 


EEN RE Oe eee. UE Tey At Rae Boy oe a en a 


FOR REMOTE CONTROL 


ADDRESS 


1E9. 
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SMALL?... YES! But 


GIANT 
PERFORMANCE 


A.C. Voltage Stabiliser, Type ASR-1150 


This Stabiliser, of the A.C. automatic voltage step- 
regulator pattern, will handle loads up to over 1 kilo- 
watt—and has an output of 5 Amperes at (usually) 
230 volts. As a general rule it weighs only about 
1/10 of the so-common “choke-condenser”’ types 
offered by many competitive firms. It has no large 
high-rating capacitors—which fail regularly in 
“resonated” types of Stabilisers, and which are very 
expensive to replace. 

ASR-1150 is insensitive to changes of mains frequency, works equally well from 0% to 
100%, load (maximum loading 1150 VA), and has sinusoidal output waveform. The 
degree of Stabilisation it provides is ample for very many purposes. 

Complete details of our entire range of Regulators, of which there are many patterns 
ranging from 200 VA to about 30 kVA (single-phase) are given in our new 32 page 
Automatic Voltage Regulator Catalogue (S-574) which will be sent at once against your 
written request. 


Claude fpons GAD. e282 


Telephone: HO Ddesdon 3007-8-9 Grams; Minmetkem, Hoddesdon 


The ASR-1150 
Weighs I1 lb. 
Measures 84 x 44 x 5 
Price £25.16.0 Net 


Head Offices: 76 OLDHALL ST., LIVERPOOL, 3. Telephone : Central 4641/2 


a 


CL34 


AIDCOLE 


( Regd. Trade Mark ) 


ILLUS- 
TRATED 


PROTECTIVE 
SHIELD 
(CAT. No. 68) 
din. BIT 
MODEL 
(CAT. No. 70) 


Primarily 
developed for 
the 


TRANSISTOR & 
ELECTRONIC 
ERA. 


Possessing the 
sharp heat 
essential for the 
quick jointing 

of Transistors, 
Resistors, etc., 
thereby avoiding 
damage to the 
equipment from 
heat transference 


Soldering 
Instruments 


Cover all requirements 

for thorough solder 

jointing in all the fields 

of 

TELECOM- 
MUNICATIONS 


Fully Insulated 
Elements 


Scounnnneteenesneeeenaeinel 


Suited to daily use for 
bench line production 


MAN UFACT URED 
IN ALL VOLT 
RANGES 


British and Foreign Pats. 
Reg. designs, etc. 


For further information 
apply Head Office: 
ADCOLA 
PRODUCTS LTD. 


GAUDEN ROAD 
CLAPHAM 
HIGH STREET 
LONDON, S.W.4 


Tel.: MACaulay 4272 
& 3101 


THE INSTITUTION OF ELECTRICAL ENGINEERS 


presents 


THE 
INQUIRING MIND 


a film outlining the opportunities for a career 


in the field of electrical engineering 


Producer: Oswald Skilbeck Director: Seafield Head 
Commentator: Edward Chapman 


Copies of the film may be obtained on loan by schools 
and other organisations for showing to audiences of 
boys and girls or others interested in a professional 
career in electrical engineering. The film is available in 
either 35mm or 16mm sound, and the running time is 
30 min. 


Application should be made to 


THE SECRETARY 


THE INSTITUTION OF ELECTRICAL ENGINEERS 
SAVOY PLACE, LONDON, W.C.2 


— 
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The Erie pre-assembled component system, known as ‘'Pac’”’, is 
a thin vertical module containing standard resistors and capacitors, 
of proven quality, mounted to a printed wiring board in a stable 
mechanical assembly, tailored to the requirements of the individual 


customer. 


Besides offering considerable savings in itself, ‘‘Pac’’ paves the 
way for fully three-dimensional assembly, thus enabling the 
designer to take the fullest possible advantage of the potential 
savings in space attendant upon the introduction of shorter, wide- 


angle, tubes for television. 
Il 


BRIE Rect Lt 


0 
wl 
% Registered Trade Mark 
Carlisle Road, The Hyde, London, N.W.9., England. Tel: COLindale 8011. Factories: London and Gt. Yarmouth, England; 
Toronto, Canada; Erie, Pa., and Holly Springs, Miss., U.S.A. 


in 
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A new Plessey 


range of Plugs 
and Sockets 


COVERING THE ENTIRE ‘AN’ 


The Plessey UK—AN series of electrical connectors is 
now available and, for the first time from a non-dollar 
source, manufacturers will be able to obtain a full 
range of plugs and sockets completely interchangeable 
with the existing AN range.* 

The Plessey UK—AN range has been designed and 
developed to M.O.S. Specification EL 1884 and RCS 321, 
and UK-AN connectors are fireproof, pressure sealed 
and environmental resisting. No separate wiring 
accessories are needed. 

Write for test reports and full technical details. 


Thawing out after low- Fireproofness test Testing insulation resistance 
temperature test at —60° C. (15 mins. at 1,100° C.) under direct water jet. 


* There are many thousands of separate items in the AN range as it exists at present, 
whereas the ingenious Plessey UK-AN list comprises less than a thousand separate 
items, yet achieves the same service requirements. 


ELECTRICAL CONNECTORS DIVISION 


THE PLESSEY COMPANY LIMITED - CHENEY MANOR - SWINDON .- WILTS 
Overseas Sales Organisation: PLESSEY INTERNATIONAL LIMITED ILFORD . ESSEX 


@ Pw2a 


Firm page 
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THE FORTY-NINTH KELVIN LECTURE 
‘CHEMICAL STRUCTURE OF HIGH POLYMERS AND THEIR PHYSICAL BEHAVIOUR’ 
By He-W. MELVILLE, D:Sc..F.R:S: 


(Lecture delivered before THE INSTITUTION, 6th February, 1958.) 


= should like to thank The Institution for the honour they 
ave done me in asking a chemist to give this, the Kelvin Lecture. 
must say I was somewhat hesitant at accepting the invitation 
vecause I could not claim to talk on any subject of electrical 
aterest or even on any topic that Kelvin illuminated by his 
enetrating and far-seeing mind. I would, however, like to try 
n the space of a lecture to look at the co-ordination of a number 
f sclences—in this case chemistry, physics and engineering—in 
he field of high polymers. New materials of any kind are of 
aterest not only to those who make them (in this case the 
hemist) but also to those who use them (the physicist and the 
ngineer). In fact there could not be a better modern example 
ff the fusion of a number of separate sciences to produce a sum 
otal of knowledge that none could have achieved separately. 

High-polymeric materials are not specially new, for rubber 
nd celluloid were discovered in the 19th century. The sys- 
smatic search for new materials of this kind for quite specific 
ses is, however, a much more recent development. The 
elationship between properties and chemical constitution has 
een one that has occupied attention for many years, and there 
; now beginning to emerge sufficient knowledge to approach 
nese problems in a much less empirical way than was possible 
ven twenty years ago. 

The fundamental property of a high-polymeric material, as its 
ame implies, is its high molecular weight. This means mole- 
ular weights of upwards of 10000 to values of the order of a 
uillion for linear molecules and indefinitely large values for 
on-linear systems. Size is not the only thing that matters. 
he other essential feature is that the molecules should consist 
f long chains of atoms to which are attached additional atoms 
¢ small groups of atoms as side chains. We have therefore two 
12in variables: the length and chemical nature of the chains 
“mselves, and the chemical nature of the side groups. Both 
ave a profound effect on the properties of the materials com- 
rising such molecules. Two general matters of principle are 
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of importance here. For the sake of simplicity, assume that the 
chain wholly consists of carbon atoms with a single bond 
between each; in this case each atom with its associated groups 
can rotate with respect to the neighbouring atoms very freely. 
In the extreme case of a simple molecule like ethane [CH;—CH;3] 
the speed of the CH; groups with respect to each other is about 
10 rotations per second at room temperature. This corresponds 
almost to unrestricted rotation. If the temperature is raised or 
lowered the speed is increased or decreased not much more than 
proportionately with the absolute temperature. However, if 
bulky groups are attached to the carbon atoms the speed can 
be diminished and almost brought to a standstill. With this 
impediment to rotation the temperature coefficient of velocity 
of rotation is much increased, being exponentially dependent 
upon temperature. Similarly in the liquid and especially in the 
solid state, neighbouring chains and molecules also impede 
movement. This effect is likewise markedly affected by tem- 
perature. If, however, the carbon atoms are joined by double 
bonds, and more rarely by triple bonds, rotation is virtually 
impossible at room temperature. There are other structures, 
e.g. rings of atoms, which confer greater rigidity on an atomic 
chain. The result of this relative ease of rotation causes a 
normal type of chain to coil up into a random but continuously 
changing configuration. In a completely free chain, as would 
occur in an isolated molecule of polyethylene, the distance 
between the ends of the chain is given by d = 2:18n'/?, where d 
is the distance in Angstroms and n is the number of carbon atoms 
in the chain, whereas the maximum outstretched length of the 
molecule is 1-21n. The ratio between the two is therefore 
0-53n!/?, which depends on the number of atoms in the chain. 
10000 such atoms in a chain is not a particularly large number, 
and therefore the ratio would be no less than 53 : 1. A coiled-up 
molecule will be generally spherical in shape: electron-microscope 
pictures of individual molecules confirm this supposition. 

There are other faetors that control the shape of macro- 
molecules and again play a particularly vital part in determining 
the nature of the high polymer. The building units of polymers, 
i.e. the monomers, are normally liquids and sometimes solids. 
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This means that there are considerable attractive forces between 
the monomers and hence also between the units of the polymers. 
Thus, if one imagines long chains of polymer molecules arranged 
side by side, the total force of attraction between the molecules 
can be very large indeed. These forces can be considerably 
increased by attaching to the chain of, say, carbon atoms, polar 


groups like C0: —NH, —CN, —Cl, as pendant structures. 


If the geometry of such groups is carefully arranged the attractive 
force can become very large. There is therefore a competition 
between these aligning intermolecular forces and the tendency 
for a molecule to coil up. Since the magnitude of the attractive 
forces is diminished by increasing temperature, the tendency will 
be for the molecule to coil up at high temperatures. This 
competition in fact determines whether a polymer will turn out 
to be an elastomer (a rubber), a fibre-forming material or a 
homogeneous supercooled liquid (a plastic). 

The first stage in designing molecular structure to fulfil a 
particular role is to consider matters in this qualitative way. 
The more detailed modification of the structure to fit the exact 
role is the next step in the problem, for there are many mechanical 
properties of these three categories of substance which are 
affected markedly by the chemical nature of the backbone atoms 
and the pendant groups. 

One might think a logical and qualitative approach along 
these lines would be the process of achieving the required 
properties in a relatively straightforward manner. (There is of 
course also the problem for the chemist of synthesizing the 
specified structures, but this is a matter which need not concern 
us here.) As in many scientific developments the result is in 
fact achieved by a combination of logical thought, the right 
hunches, acute observations at the right time and a very large 
amount of detailed, hard and patient experimenting. 

It is convenient in this lecture, however, to consider the three 
classes of high polymers and to see how some of these generalized 
ideas can be used in particular examples. 


RUBBERS 


The real reason why rubber can be stretched to a far greater 
extent than any other solid is simply that in the undeformed state 
the molecular chains are coiled up. Stretching the rubber 
consists in the uncoiling of these chains under quite moderate 
tension. On release of the deforming force the rubber instantly 
returns to its former shape due to the thermal motion causing 
relative rotation of the carbon atoms to give the coiled-up con- 
figuration. In a good elastomer the ratio of the maximum 
outstretched length of the specimen to the normal length is as 
much as 8 : 1. 

Normally one deals with vulcanized rubber, in which the 
rubber molecules are occasionally cross-linked together by suit- 
able chemical processes. Unvulcanized rubber behaves quite 
differently. If stretched below 20°C it does not snap back to 
its original shape—it stays in a stretched configuration. In the 
stretched state, X-ray diffraction photographs demonstrate that 
the rubber has crystallized with the chains oriented parallel to 
the direction of stretch. It is easy to demonstrate mechanically 
that the rubber is anisotropic. If a small cut is made parallel 
to the direction of stretch it is easy to pull the rubber into two 
strips. If the cut is made perpendicular to the direction of 
stretch it is quite difficult to propagate the tear, or cut. These 
phenomena can only be observed below 20°C. If the stretched 
rubber is heated above 20°C it rapidly regains its original shape. 
Thus we can talk about the melting-point of rubber. Above it, 
crystallization and therefore alignment of chains just cannot 
occur. Next, if unstretched rubber is cooled to —60°C, it 
loses its rubber-like behaviour and becomes quite brittle like a 


supercooled liquid or glass. In the practical use of elastomeric}: 
substances some of these phenomena would be most undesirable, 
This crystallization has to be prevented so that the rubber can 
be used at temperatures much lower than 20°C. In practice this) 
is mainly done by cross-linking, or vulcanization. Even so, at|: 
low temperatures natural and some of the varieties of synthetic 
rubber cannot be prevented from becoming brittle. This 
chemical cross-linking is not, of course, carried far enough tor 
prevent the chains between the links coiling and uncoiling as 
the rubber is stretched and relaxed. Finally there is another)) 
important effect of cross-linking. If unvulcanized rubber werejy 
maintained in a stretched configuration the chains would tend» 
to slip past each other so that eventually the rubber would)« 
acquire a permanently deformed state. This possibility of 
permanent deformation can be further prevented by reinforcing): 
the rubber article with suitable fibrous materials, as is done, of | 
course, in the ordinary motor-car tyre. 

Rubber-like behaviour is a characteristic of hydrocarbon! 


chains, but it is important that the geometry of the chains and B 


associated groups is such that they do not too easily fit together)? 
so as to facilitate crystallization; otherwise there is, of course, 
no possibility of the chains coiling up. The importance of : 
molecular geometry is strikingly illustrated in comparing gutta-) 
percha and rubber. The configuration of their chains only) 
differs in the disposition of the groups about the double bonds in) 
the chain. Guttapercha is only elastomeric above 70° C. 

These matters are illustrated in an even more striking way by!’ 
the so-called polyurethane rubbers. Here one starts with a not 1 
so very large molecule, about 2000 molecular weight (200 atoms|: 
in a chain, approximately), rather similar in chemical structure! 
to polymers needed for making man-made fibres, where the} 
prime necessity is that the molecules will fit together into ordered’: 
arrays of atoms as in a crystal. At this stage, however, the} 
chains are not really long enough (200A) to form crystallites, |) 
which in fibres are usually of the order of 500A. These mole-| 
cules may, however, be linked together to give linear molecules) 
by comparatively large and bulky groups of atoms, which make}: 
it quite impossible, because of the random distribution in the 
chains, for this crystallization to take place. Each individual) 
chain is flexible and has a strong tendency to coil up so that an) 
elastomeric material is the result. By a further modification of 
the synthetic process cross-linking can also be achieved. I 

All the commonly used synthetic rubbers and, of COUTSE, | 
natural rubber, exhibit elastomeric behaviour over a limited) 
temperature range. There is naturally a need to extend this) 
range, and extending it downwards is possible by a number of) 
methods. One consists in adding small molecules as plasticizers) 
or molecular lubricants, to prevent the rubber forming a glass at! 
these low temperatures and facilitating the movement of the) 
rubber molecules with respect to each other. 

A recently discovered method of preventing crystallization* 
consists in making a slight chemical modification to the rubbeal 
In the presence of a compound—a thiolacid containing the 
group COSH—the disposition of the groups around the double) 
bond connecting two of the central atoms in the unit of the 
rubber molecule can be altered. The result is that the regular 
molecular geometry is disturbed, and it then becomes impossible 
for the chains to form crystallites. The striking effect of this 
small change in molecular structure is shown most clearly (Fig. 1) 
by stretching the rubber to double its original length and. 
measuring the stretch after a period of one hour. At —30°C 
ordinary rubber has recovered to only 7% of its original length;) 
on the other hand, the modified rubber has recovered to 98 ye 

Extending the temperature range to higher limits means 
giving the molecules structures altogether different from the 

* British Rubber Producers Research Association. 
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Fig. 1.—Effect of temperature on behaviour of normal and 
anticrystallizing rubber. 


(a) Recovery of anticrystallizing rubber. 
(b) Recovery of ordinary rubber. 


~zarbon backbone, and in fact it is necessary to consider a back- 
bone of silicon and oxygen atoms in repeating units with various 
mroups attached to the silicon atom (e.g. CH;). Physically, 
these polymers—the silicones—are substances ranging from 
‘mobile liquids to rubbers, depending only on the molecular 
wveight of the molecules comprising them. The liquid members 
‘of this series are far more compressible than ordinary liquids, 
‘but more extraordinary still is the fact that the viscosity (the 
intermolecular forces) is not affected by temperature to anything 
like the extent of liquids such as hydrocarbons. The overall 
emperature dependence extends the usefulness of the silicon 
rubbers over a much wider range of values than the ordinary 
‘hydrocarbon rubbers. 

By its very nature, rubber is liable to be flexed and nowhere 
wmore often than in motor-car tyres. Stress/strain curves 
(Fig. 2) for rubber are quite unlike those for other solids (apart 
rom the fact that the strain is very much larger before rupture 
woceurs). There is considerable hysteresis in going round a 
‘stress/strain cycle. On relieving the stress, the energy not 
sxecovered, as measured by the area of the loop, appears as heat. 
epeated cycles in such a bad conductor of heat as rubber can 
“soon raise its temperature to such high values that other proper- 
ties of the rubber, e.g. abrasion resistance, are seriously 
idiminished. Hysteresis loss varies a good deal among rubbers: 
watural rubber exhibits the least hysteresis, some of the common 
synthetics come next and butyl rubber exhibits the greatest. 
‘Further, these effects are temperature sensitive, and at 100°C, 
for example, the differences largely disappear (Fig. 3). This is 
12» effect closely influenced by molecular geometry, but no rules 
ave yet been evolved that make it possible to determine what 
structure will give rise to elastomers having a minimum hysteresis. 

In the transmission of power to road wheels this is also impor- 
Want and high hysteresis can affect adversely the performance of 
tai automobile. 

Apart from these matters, abrasion resistance is one of the 
¥P st sought after characteristics of rubber—for its largest use is 
it tyres. This much, however, is known about abrasion. It 
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Fig. 2.—Stress/strain hysteresis loops for a variety of rubbers. 
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Fig. 3.—Hysteresis loss in rubbers as a function of temperature. 


does not consist in the chemical breakdown of rubber molecules 
under mechanical strain into volatile compounds. It appears 
that small pieces of rubber are removed from the specimen 
mechanically. What probably happens is that an initial cut is 
made; under stress the cut is propagated, and it may be that the 
propagation is the rate-determining factor in the whole process 
of abrasion; finally a piece of rubber becomes detached from the 
specimen. Chemical structure has a most important effect on 
crack propagation; for example, the polyester rubbers are out- 
standing in their resistance to it. However, natural and to a 
greater extend G.R.S. rubbers would show up very poorly in 
this respect were it not for the introduction of the filler, carbon 
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black. And even the nature of the carbon black has a profound 
effect on abrasion resistance of the composite material. Here we 
have a heterogeneous system which is much more difficult to deal 
with scientifically. It would seem that one could visualize the 
problem in this elementary kind of way. The rubber at the 
apex of the incision is under considerable tension, and the ten- 
dency would be for the molecules to line up perpendicular to 
the direction of propagation of the crack, thereby inhibiting the 
propagation. With a non-crystallizing rubber like G.R.S., crack 
propagation is easy. Part of the function of carbon black is to 
prevent crack propagation by interposing an obstacle. 

As has been mentioned, the elastomeric state of matter is the 
result of the balance of forces between coiling-up and inter- 
molecular alignment. If one were approaching molecular design 
logically, one would therefore keep the latter interaction at a 
reasonable minimum so as to allow the other force to play a 
dominating role. The question now arises as to what kinds of 
solid result when the aligning force becomes predominant. In 
fact these are the plastic and fibrous materials. There is a large 
group of plastic materials—polystyrene, the polymethacrylates, 
polyvinylacetate, polyvinylchloride—where the chemical struc- 
ture is such—all the units contain polar groups—that the inter- 
molecular forces are quite high. But their molecular geometry 
is not especially symmetrical and the polar groups are fairly 
bulky. The point about symmetry is that in these structures 
there are groups attached to alternate carbon atoms in the chain. 
The disposition of these groups on either side of the chain is 
purely random. This untidy molecular pattern makes it impos- 
sible for the chains to align themselves precisely so that inter- 
molecular forces can come into full play. These intermolecular 
contacts will be at random too. The result is that the solid 
does not exhibit elastomeric properties and is physically entirely 
isotropic and in many cases is a glass-clear material. Because 
of the relative infrequency of interchain contacts the softening 
point is rather low, but this means that the substance will flow 
under pressure at moderate temperatures and so is ideally suited 
to the manipulative procedures used in the plastics industry. 
In this class of substances it is extremely difficult to make any 
attempt to correlate mechanical properties with chemical 
constitution. 


CRYSTALLIZING HIGH POLYMERS 


There is a third class of high polymers where it has been 
possible to control the internal molecular geometry fairly 
exactly, and more recently methods have been devised for getting 
an extremely precise control comparable, in fact, to that which 
seems to be achieved in the synthesis of naturally occurring 
large molecules like proteins. Thus, not only are the polar 
interacting groups suitably chosen, but their spacing along the 
chains can be controlled and the disposition of the groups with 
respect to the chains also determined. In this way interchain 
attractions can be brought into full play. In general, this 
means that the tendency to alignment is strongly displayed, and 
these substances naturally show a strong tendency to crystallize 
and to exhibit relatively high melting-points. 

The simplest of these substances is polyethylene. When 
prepared at about room temperature this is simply a linear chain 
of carbon atoms with hydrogen atoms attached. On the other 
hand, when prepared at high temperatures (200°C) and high 
pressures (1 000 atm) the molecules have many branches attached 
to the linear backbone. This difference in structure has impor- 
tant effects on properties. The similarity of the material to 
paraffins is perhaps shown most clearly when the specific heat 
of the high-pressure variety of polyethylene is plotted as a 
function of temperature. Over a very limited temperature range 
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the specific heat rises to indefinitely large values, showing that 
the material must melt within a small range of temperatures./ 
The liquid so obtained thus has a specific heat similar to that 
of liquid paraffins. When the liquid is quenched rapidly to 
room temperature the density of the solid is 0-91. On the other’ 
hand, when cooled very slowly to the same temperature, the 
density is much higher, 0-98. X-ray diffraction data show that 
the latter material is polycrystalline, the former amorphous. At 
room temperature the rate of crystallization is very small. The! 
important point of principle here is that these polymers can thus it 
be subjected to a measure of heat treatment—in a way similar\); 
to that of a metal—so that molecular arrangements can be. | 
altered to suit the purpose for which the polymer is required.) 
A qualitative indication of the effect of this factor, as well as | 
that of molecular weight, is shown in Fig. 4. Maybe the most)p 
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where the percentage crystallinity has a most profound effect! 
on the nature of the product. The crystalline state is naturally © 
the more thermodynamically stable, and therefore in considering 
the application of these materials in practice it is important that} 
the transition does not occur during their working life. Many* 
of the physical properties, e.g. softening-point under load, | 
Young’s modulus in tension, bending modulus and surface hard-) 
ness, are likewise dependent on the crystalline/amorphous ratio. 

The other variable at the disposal of the molecular designer is)! 
the amount of branching. In Fig. 5 is shown the effect of 
branching on the percentage of amorphous material in the solid. 
Similarly the melting-point of the linear material is about 20°C} 
higher than that of the branched samples. 

The final modification that can now be readily made to any 
variety of polyethylene to increase its melting-point almost ° 
indefinitely consists in exposing it to high-energy radiation, such) 
as gamma radiation. One of the chemical changes is that 
hydrogen atoms are removed from the chains leaving free! 
radicals behind. These radicals join up to give cross-links, and 
these give rise to a three-dimensional structure which at high 
enough temperatures decomposes rather than melts. 


POLYPROPYLENE 


A slight chemical modification to the polyethylene structure’ 
consists in replacing one hydrogen atom on each alternate 
carbon atom with a CH; group. Chemically this is done by 
polymerizing propylene CH;—CH=—=CH,. Here a more 
subtle chemical matter comes in which affects the properties of 
the polymer enormously. There are two kinds of geometrical. 
structure possible: (a) one in which the methyl groups are all on 
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sue side of the backbone of carbon atoms, and (5) the other in 
which the arrangement is purely random on both sides of the 
mackbone. The (d) type gives rise to amorphous polymers of low 
melting-point, whereas the (a) type gives rise to crystalline 
material with a melting-point that, for a hydrocarbon, is very 
nigh (about 160°C). This is due entirely to the regular structure, 
which permits the chains to fit together into highly ordered 
regions characteristic of crystalline matter. 


FIBRES 


The mechanical properties of a man-made fibre can be set 
jown fairly easily. It must have a high tensile strength (natural 
fibres have strengths up to 10 grammes per denier, or 100 kg/mm7?, 
a sufficiently high modulus of elasticity and an ability to extend 
0 some extent without fracture; it must have a high melting- 
Doint—certainly above 200° C—for a variety of reasons; it must 
insoluble in water, yet capable of absorbing water. Likewise 
't must have a high abrasion resistance, and be colourless and 
resistant to degradation by light and oxidation. In addition, it 
must have a variety of rather ill-defined or even difficult-to- 
efine properties which contribute to the quality of the textile 
mto which it is woven. Draping qualities, the so-called ‘handle’, 
nd a variety of other properties come into this discussion. 

Such a long list of requirements soon singles out relatively 
‘ew structures that meet these needs. There are, however, some 
eneral properties which define the line of approach. In order 
0 obtain high tensile strength along the length of the fibre, it 
s necessary that the molecules should be oriented in that direc- 
ion and remain so during the lifetime of the fibre. This means 
that the polymer must be capable of crystallizing, and further- 
more the molecules must be capable of being oriented parallel 
»@ the length of the fibre. In turn this restricts fibre-forming 
molecules to highly regular structures without having any bulky 
4iée chains attached to them. In attempting to achieve these 
sb jectives it is important that the substance should not be brittle 
‘ik glass, otherwise continual flexing would soon reduce the 
iesile strength of the yarn to a very small value. 

t is a curious fact that among the strongest natural and 
wathetic fibres the tensile strength comes out to be about 
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10 grammes per denier. In spite of the most strenuous efforts it 
is difficult to exceed this value. What is even more surprising is 
that this limited value seems to be independent of chemical con- 
stitution. From this it might be concluded that the figure must 
represent the ultimate strength of this kind of matter, i.e. the 
strength of the chemical bonds comprising the fibre, the assump- 
tion being made that, when the fibre breaks, the chemical bonds 
themselves are broken. But, in fact, fibres have only about 
one-hundredth of the strength calculated in this way. The other 
possible assumption about the way in which the fibre breaks 
under tension is that the chains slide past each other and the 
molecules or polymer remain intact. Even then actual strengths 
are less than theory predicts. These facts have been known for 
20 years, but no rational explanation has yet been found. It is 
therefore tempting to speculate that much stronger fibres may 
yet be produced. 

On the other hand, the modulus of elasticity approaches closer 
to theoretical expectations, and so it is unlikely that any large 
advances will be made in this property if fibre development 
continues. 

The melting-point of a fibre is of vital importance. It must 
not be too low because, in general, fibres have to be washed in 
relatively hot water and they must be ironed to smooth out 
creases in the fabric. A reasonable minimum is 200°C, and 
250°C is much more preferable. Of course, some fibres like 
cellulosic ones do not melt at all. Too high a melting-point is 
equally troublesome because many of the man-made fibres are 
not soluble and have to be spun by melting the material and 
extruding it through fine orifices. The melting-point is actually 
determined by two factors. At this temperature, T,,,, the thermo- 
dynamic potentials of the solid and liquid phases are equal, and 
hence the second law of thermodynamics leads at once to the 
relationship 7,,, = AH/AS, where AH is the heat of fusion of 
the solid and AS the entropy change in the fusion. The former 
factor depends on the intermolecular attractive forces in the 
crystal and in the molten state. The latter introduces the idea 
of molecular shapes in the two phases. The larger AS, the 
lower is the melting-point. In the crystalline state the entropies 
of long-chain molecules probably do not differ greatly, but in 
the molten state the entropy will depend on the number of 
different configurations which the molecule can assume. If the 
molecule is rigid owing to the existence of certain types of 
chemical structure in the units, then the number of configurations 
in the liquid phase will be reduced. Hence the entropy of 
fusion will be small and the melting-point correspondingly high. 
For example, with Terylene the heat of fusion is 2:2kcal per 
repeating unit, and for polyethylene adipate, 3-8kcal. Terylene 
has a more rigid acid part to the molecule than the adipate. One 
might therefore expect the melting-point to be much higher for 
the adipate, whereas in fact it is only 58°C for the adipate and 
as much as 265°C for Terylene. The explanation is in the low 
entropy of fusion for Terylene at 4-Ocal per degC, compared 
with no less than 12 cal per degC for the adipate. 

There are other geometrical factors that control melting-point 
and also tensile strength. So far as intermolecular attractions 
are concerned, in the molten state the molecules are to some 
extent free to assume configurations that permit these forces to 
be exerted to the full. In the crystalline state geometrical factors 
are much more important. In the nylon type of molecules the 
extra attraction between the chains is mainly due to what is 
known as a hydrogen bond. An essential element in the nylon 
structure in the group 
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Fig. 6.—Hydrogen bonding in a variety of polyamides—nylon-type fibres. [Huggins, M. L., Journal of 


Chemical Education (Ohio), 1957, 34, p. 480.] 


(a) Hydrogen bonding in nylon 66 [Bunn and Garner]. é 
(b) Hydrogen bonding in nylon 6 (polycaprolactam) [Holmes, Bunn and Smith]. 
(c) Proposed pattern of intermolecular hydrogen bonding in nylon 16. 


This is spaced regularly along the chain. The hydrogen atom 
of the NH group has a strong tendency to interact with the 
oxygen of the CO group in a neighbouring chain (a). By slightly 
displacing one chain with respect to the next one, all these 
interactions are possible, as shown in Fig. 6. This accounts 
to a large extent for the high tensile strength of the nylon fibre. 
Again, in another version of the structure where the groups are 
separated by five carbon atoms, complete interaction is still 
possible (6). But in a chemically similar material (c) where the 
spacing is somewhat different, with only one carbon atom 
between the nitrogens, this pattern is not possible and some of the 
NH-CO groups simply cannot interact with each other, at any 
rate in one plane, and the melting-point of the material is corre- 
spondingly smailer than that of the other two. This is better 
shown (Fig. 7) when the melting-point of a series of such materials 
is plotted as a function of the number of carbon atoms between 
the NH-CO groups. Naturally there must be a gradual 
decrease, because in the limit the material would become 
polyethylene, melting at around 120°C. In fact, the melting- 
points are highest for the even number of carbon atoms because 
in these structures the geometry of the chain assures the maxi- 
mum possible number of intermolecular interactions by means 
of this hydrogen-bonding effect. 

Following this hypothesis to a further stage, there is another 
way of reducing interaction energy. This consists in chemically 
preventing hydrogen bonding between chains, and it is most 
easily done by replacing the hydrogen in an NH group by a CH, 
group. ‘This does not contribute to interchain forces, since the 
hydrogen atoms do not interact with the CO group in the same 
way. This has the immediate effect of reducing the tensile 
strength of the material to almost impossibly small values, at 
any rate for a fibre. But these modified fibres exhibit a distinct 
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Fig. 7.—Melting points of polyamides from aliphatic diamines.) 
[Hill, R.: ‘Fibres from Synthetic Polymers’ (Elsevier Publishing’ 
Co., Amsterdam).] 7 
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ION-EXCHANGE FIBRES 


property of very great elongation and behave, in fact, almost like 
elastomers in this respect. Thus the relationship between a 
fibre and a rubber is really here a very close one indeed and is 
influenced by relatively small changes in the chemical structure 
of the molecules comprising these materials. 


i 
One of the most interesting kinds of synthetic fibres is one 
resembling, in mechano-chemical behaviour, animal muscle; ial 
as a result of chemical reaction, mechanical work may be directly: 
obtained from such a system. The precise chemical structure 
of the fibre is not known, but it is made by mixing high-polymer 


molecules containing acid groups (COOH) with those containing 
ilcohol groups (OH). The mixture, each component of which is 
joluble in water, can be drawn into fibres. These, when heat- 
eated, become insoluble in water owing to the formation of 
cross-links of the ester type formed by the introduction of the 
OOH and OH groups. The fibres are in effect solid acids. 
f such a fibre is suspended by a weight in an acid medium, the 
ibre swells and comes into equilibrium with its surroundings at 
, defined length. The fibre acid is weak, and therefore little 
dissociation of the acid occurs at the surface. If the acid 
edium is now replaced by an alkaline medium, i.e. one con- 
iaining hydroxyl ions, these will react with the H+ ions attached 
jo the outside of the fibre to yield water and the fibre will be left 
with a negative electric charge. These charges cause the mole- 
aules to stretch by electrostatic repulsion. Finally, the fibre can 
e brought back to its original state by placing it in an acid 
ath. Thus mechanical work is done as a result of the neutraliza- 
jon of an acid by a base with the production of water. 

_ The same result may be brought about by replacing one ion 
with another on the surface of the fibre, e.g. Na* ions and Bat + 
sons. The extension of the fibre in solutions of equal osmotic 
eressure depends actually on the nature of the ion. This then 
aay be made the basis of a thermodynamical cycle, as shown in 
iz. 8. AB and CD represent two force/elongation curves for 
ations of different composition. Along AB the fibre is in 
;Guilibrium with the surrounding solution and similarly along 
OC with another solution with an Na: Ba ratio of 10:1 

uppose the cycle is started at A, at which point the fibre is 
stretched. Here the fibre contains mainly sodium ions on its 
jurface. The fibre is then stretched isothermally and reversibly 
(long AB. Work is done and as a result some of the Bat * ions 
ire transferred to the surrounding solution. Now, at constant 
‘orce the fibre is transferred irreversibly to the bath with the 
sigher Ba++ content. The fibre takes up the Ba** ions, con- 
acts and thus performs work. In the third step, CD, the 
retching force is reversibly diminished to zero, when further 
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Na:Ba 10:1 


Fig. 8.—Mechano-chemical work cycle for a sodium-barium exchange 
on fibres of krilium-polyvinyl alcohol. [Katchalsky and Zwick, 
Journal of Polymer Science, 1955, 16, p. 221.] 


work is done and more Ba** ions are removed from the sur- 
rounding solution. The fibre is finally transferred to the original 
bath. Here the Bat* ions are replaced by Nat ions, owing to 
the higher Nat content of the solution, and the fibre expands 
once again to point A. The net gain of work is shown by the 
shaded area in the diagram. It is, of course, done at the expense 
of transporting Bat* ions from one solution to the other and 
Nat+ ions from one solution to the other in the opposite direc- 
tion. The actual efficiency of this mechano-chemical system is 
very low, about 1%. However, no real attempt has yet been 
made to get the optimum from such fibres for this kind of engine, 
and no doubt a much better performance could be achieved by 
such an effort. After all, the first steam engines were not very 
efficient, and even the modern railway locomotive operates at 
an efficiency of only about 5%. 
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(1) INTRODUCTION 


The past ten years have been a period of continuous develop- 
ment in the design, manufacture and application of industrial 
electrical measuring instruments. New and better materials are 
continually appearing, and these, coupled with the development 
of improved manufacturing techniques, have resulted in quite 
radical changes in the design of some types of instrument. 
Experimental studies of methods of displaying variable informa- 
tion have contributed towards providing instruments which are 
easy to read accurately and not unpleasant to look at. Since 
the war there has undoubtedly been a greater awareness amongst 
manufacturers that accurate measurement is one of the most 
important factors pertaining to a consistent quality of product. 
Scientific instruments are displacing approximate methods in 
more and more industries. This, of course, is a logical step in 
the trend towards completely automatic production, which will 
demand measurement and control of every stage in a manu- 
facturing process. 


(2) MATERIALS 


Developments in magnetic and synthetic insulating materials 
have resulted in many improvements in the design and per- 
formance of instruments. In some cases, the mere substitution 
of a better material has been sufficient, but in others, and 
particularly in magnetic circuits, a complete redesign has been 
necessary to take full advantage of the enhanced properties of 
the material. 


(2.1) Permanent Magnets 
(2.1.1) Dispersion Hardening Alloys. 


Dispersion hardening magnets were first discovered by 
Mishima in 1931, who announced that an alloy of aluminium, 
nickel and iron showed exceptional magnetic and mechanical 
hardness.! Mishima’s work stimulated research in permanent- 
magnet materials, resulting in the high-energy anisotropic 
magnets now available. Since 1946 the highest energy content of 
commercial magnets has increased? from 4-8 to 7-5 megagauss- 
oersteds. 

The difficulty of machining dispersion hardening magnets has 
led to the production of various types of composite magnet (see 
Fig. 1). The sintered composite magnet is a homogeneous 
structure of magnet material and soft iron, produced by powder- 
metallurgy methods, in which the soft iron provides the yokes 
and pole pieces of the magnetic circuit. 

An alternative composite magnet, which has the advantage 
of using a cast magnet, is produced by casting the magnet 
directly on to soft-iron pole pieces. The pole pieces may be 
machined from mild-steel bar or sintered to the desired shape. 

In other forms of composite magnet the soft-iron yokes and 


pole pieces are secured to the magnets either by brazing or 
bonding with epoxy resins. 


(2.1.2) Powdered-Iron Magnets. 


Apart from their practical importance, powdered-iron magnets 
are a development of outstanding scientific interest. It was 
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originally discovered at Grenoble University that, in pure iron) 
powder, in which the particle size is of the order of 10-> cm, 
coercivities exceeding 400 oersteds are obtained.?_ Commercials 
methods of producing such micropowders were developed in - 
France. The magnets are produced by pressing the powder to’ 
the required shape at room temperature. Complicated shaped 
can be achieved to a high accuracy and with a good finish. Ne 

} 


a further development of these magnets, cobalt is added to the 
pure iron, resulting in an increase in coercive force at the expense 
of remanence. The total energy is slightly reduced in the alloy | 
magnet. Micropowder magnets are isotropic, mechanically soft} 
and have energies up to about 1-7 megagauss-oersteds. 


(2.1.3) Stability of Magnets. 

The extent to which a magnet is affected by an external field |) 
depends both on the coercivity and the fullness factor of the! 
magnet. All the magnets considered above have high coercive | 
forces. The hard magnets have fullness factors approaching || 
0-7, whilst that of the soft magnets varies between 0-3 in the |) 
case of the alloy magnets and 0-5 for the pure iron. } 

It has been shown that artificial ageing is unnecessary with | 
modern magnets.5 Tests on dispersion-hardening magnets have © 
shown that, during the first three weeks after magnetizing, the |) 
strength of magnets varied by approximately 0-3 % and thereafter | 
remained constant to within about 0-1°%. Some manufacturers, | 
however, demagnetize magnets a few per cent with the dual} 


purpose of adjusting sensitivity and ageing the magnets. 


(2.2) Soft Magnetic Materials 


Work on soft magnetic materials for instruments has been 
largely directed towards improving the characteristics of known} 
materials. Notable improvements have been effected both in} 
nickel-iron and in silicon-iron alloys, but these have been} 
achieved by developments in manufacturing techniques rather} 
than by any variations in the alloys. Thus Supermumetal and} 
Special Radiometal are produced by paying extreme attention 
to the purity of the alloy constituents and by maintaining that} 
purity by melting and annealing at closely controlled tem- 
peratures in a high vacuum.® The material is rolled down to a | 
thickness usually in the range 0-:001-0-010in, but for particular’ 
applications it can be rolled down to 0:0002Sin. Special | 
electronically controlled rolling mills are used to ensure accuracy’ 
of strip thickness. 


(2.2.1) Nickel-Iron Alloys. 


Supermumetal and Supermalloy are 77% nickel-iron alloys 
containing a small proportion of molybdenum and are charac- 
terized by extremely high initial and maximum permeabilities 
and by low loss. The initial permeability, measured with a 
magnetizing force of 50 x 10~® oersted, is guaranteed to 
exceed 5 x 10* with a maximum permeability of 2 x 10°. 
Fig. 2 compares the initial permeability of Supermumetal with 
standard Mumetal at various frequencies. Fig. 3 shows the 
losses of the two materials. The alloy requires very careful 
handling, as the slightest mechanical strain will degrade its mag- 
netic properties, and it is usually supplied in plastic cases which 
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Fig. 1.—Composite magnets. 


(a) Brazed. 


(b) Sintered composite. 
(c) Cast composite. 


should not be removed. It can be used for laminations, but 
again the greatest care, both in handling and in the design of the 
aminations, is required. 

Special Radiometal, a 50% nickel-iron alloy, retains the 
idvantage of the standard grade of having a higher saturation 
mduction than Mumetal. A comparison of the standard and 
special grades of the material shows that initial permeability is 
nereased from 2000 to 3300 and maximum permeability’ from 
pao 55 X 10°. 

A grain-oriented 50% nickel-iron, originally developed in 
Germany, is now manufactured in Great Britain under the 
names H.C.R. Alloy or Permalloy F. The grain orientation is 
»btained by heavily cold rolling the material, which becomes 
magnetically anisotropic. It has an almost rectangular hysteresis 
oop and finds its main application in transductors. The initial 
sermeability of H.C.R. is 1000, the maximum permeability is 
50000 and the saturation induction is 16kG.° 

The Curie point of nickel-iron alloys varies very considerably 
with the proportion of nickel. An alloy of approximately 30% 
eckel, 70% iron, has a Curie point of only 70°C. It is now 
widely used as a magnetic shunt to provide temperature com- 
pensation, particularly of permanent-magnet instruments. Fig. 4 
‘sows how the permeability varies with temperature and 
1 ignetizing force. 


2 2.2) Silicon-Iron Alloys. 


Cold-rolled 3°% silicon-iron alloy is now readily available. 
=-ain orientation, achieved by cold rolling and special annealing 
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Fig. 2.—Initial permeability of soft magnetic alloys. 

(a) Supermumetal 0-010 in. 

(b) Supermumetal 0-004 in. 

(c) Supermumetal 0-002 in. 

(d) Mumetal 0-015 in. 

(c) Mumetal 0-002 in. 

(f) Grain-oriented silicon iron 0-014 in. 
techniques, results in a reduction of hysteresis loss to approxi- 
mately 30% of the loss in a similar hot-rolled alloy, together 
with an increase in permeability. The initial permeability and 
total loss of grain-oriented silicon iron are shown in Figs. 2 and 3, 
respectively. Toroidal cores are widely used for current trans- 
formers of all but the highest-accuracy classes, whilst, for voltage 


transformers, C-cores are displacing laminated-iron circuits. 
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(a) Supermumetal 0-004 in. 
(6) Mumetal precision grade. 
(c) Grain-oriented silicon iron 0-014in, 


(2.3) Enamelled Wire 


In recent years, there has been intensive development in 
coverings for winding wires, and particularly in the production of 
synthetic enamels.? Because of its price, oleo-resinous enamelled 
wire still has a wide application where operating conditions are 
not severe, but being relatively soft, the covering is easily 
damaged by abrasion or shock. Of the synthetic enamels, 
polyvinyl formal is the most widely used, but a number of newer 
coverings are now available to instrument designers. 

The very high abrasion resistance of polyvinyl formal intro- 
duces difficulties when soldering fine wires. These are oyercome 
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Fig. 4.—Variation of permeability with temperature at various 
magnetizing forces. 


30% nickel-iron alloy. 


enamel has been developed having a normal maximum tem-: 
perature of 155°C. 

The main properties of enamel coverings are summarized in’ 
Table 1. 


(2.4) Resistance Wires 


The constantan and manganin types of alloy are still the most’ 
widely used resistance-wire materials. Newer alloys, whose chief. 
advantages are their higher resistivity and the possibility of | 
modifying their temperature coefficients, are now available. ! 1!) 
Because of their high specific resistance, the new alloys would | 
seem to be ideal for high-frequency resistors. Their long-term / 
stability has yet to be established, however, and they are unlikely 


Table 1 


PROPERTIES OF ENAMELS FOR WIRE COVERING.? 


Max. service 


temperature Flexibility 


Electric strength 


. Resistance 
Resistance : 
After 24h to solvents to plastic 
immersion flow 

in water 


Resistance 
to abrasion 
at 20°C 


Oleo-resinous 


Polyvinyl formal .. 
Polyurethane 
Polyester .. 
Epoxy 4c : 
Modified silicone 

Polyacrilonitrile .. 


Standard enamel 
Lewmex 
Lewcosol 
Lewkanex 
Lewsyn 
Lewsilicon 


Moderate 
Excellent 
Very good 
Excellent 
Good 
Good 
Very good 


Poor 
Excellent 
Good 
Very good 
Moderate 
Moderate 
Very good 


Good 

Good 

Very good 
Very good 
Very good 
Very good 
Very good 


Moderate 
Poor 
Good 
Good 
Good 
Moderate 
Poor 


Moderate 
Very good 
Very good 
Excellent 
Good 
Very good 
Excellent 


Moderate 
Good 
Good 
Very good 
Good 
Very good 


by the use of polyurethene-resin enamel, which has properties 
similar to polyvinyl-formal films although the abrasion resistance 
is slightly lower. Polyurethene-covered wires can, however, be 
soldered at 350°C without removal of the covering. 
Polyester-type enamels, derived from Terylene, have been used 
on the Continent at temperatures up to 150°C, but British 
manufacturers at present recommend a maximum operating 
temperature of 130°C for this type of covering. Apart from 


their high working temperature, polyester enamels are par- 
ticularly resistant to solvents. 


Very good 


to displace the older materials as instrument resistors until more 
is known about secular changes of resistance at operating | 


temperatures. Some properties of resistance alloys are shown 
in Table 2. 


(2.5) Insulating Materials 


Synthetic insulating materials are generally organic polymers, 
having either long chain molecules in which no permanent 
chemical bond exists between adjacent molecules and which 
usually are thermoplastic, or a cross-linked molecular structure 


Table 2 


Approximate composition 


| Constantan | 60% Cu, 40% Ni 
Manganin 84% Cu, 12% Mn, 4% Ni 
} Centanin 67 % Cu, 27% Mn, 5% Ni 
{| Evanohm IS 74 Ni,20°7, Ga 
DYING AYA Cv 
Karma DSy/AIN, 20 4Gr 


2% Al, 2% Fe 


12.5.1) Thermoplastic Materials. 


uised in instrument manufacture. 


| Maximum working temperature, °C 
|| Thermal conductivity, c.g.s. units 

| Surface resistivity, ohms ; 

| Volume resistivity, ohm-cm 

| Power factor at 10 Mc/s i 

| Dielectric constant at 10Mc/s .. 

| Breakdown voltage, volts/mil 


| 
(properties are listed below. Their more important electrical 
characteristics are summarized in Table 3. 


PROPERTIES OF RESISTANCE ALLOYS 


Resistivity 


microhm-cm 
49 
44 
100 
125 


125 
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Thermal e.m.f. 
to copper 


u.V/deg C 
40 


which is thermosetting. The thermosetting materials are always 
uased with fillers when moulded or laminated.!2-13 


An increasing number of thermoplastic mouldings are being 
Choice of the correct material 
will usually depend on the function of the particular moulding. 
Some of the more commonly used polymers and their salient 
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(2.5.2) Thermosetting Plastics, 


An important development in thermosetting plastics is the 
increasing use of epoxy resins. Apart from their use as a potting 
medium, the epoxide materials adhere with great strength to 
metals, plastics, wood, glass and most other solids, providing a 
very satisfactory method of bonding components. Thus all the 
inactive metal parts of the moving element of an instrument can 
be made of Duralumin or aluminium secured with an epoxy 
adhesive, resulting in very considerable savings in weight. 
Epoxy resins are also used as protective coatings, which are 
highly resistant to attack by corrosive atmospheres, have high 
abrasion resistance and satisfactory insulating qualities. 


(2.6) Silicones 


The use of silicone fluids and greases and silicone-modified 
materials in instrument manufacture is increasing rapidly. Their 
most useful properties are their wide temperature range, —50°C 
to 150°C, their strongly hydrophobic nature, and, with regard 
to fluids, their almost constant viscosity.!4 Silicone damping 
fluids and silicone rubber gaskets for sealing instrument cases 
are obvious applications. 


Table 3 


ELECTRICAL CHARACTERISTICS OF THERMOPLASTICS 


Polythene 


Polystyrene 


(a) Polyethylene.—A flexible but very tough plastic with 


excellent insulating qualities. 
temperature of about 70°C. 


It has a maximum working 


(b) Polystyrene.—A brittle material having low dielectric 


‘Toss. 
transparent or opaque. 


It is chemically stable, easily moulded and may be 
It has exceptionally low thermal 


conductivity and a maximum working temperature of 70°C. 


(c) Polymethyl methacrylate—Tougher than polystyrene 
but equally rigid, Perspex has poor dielectric qualities although 


the surface resistivity is very high. 


is sometimes used as a substitute for glass. 


up to about 70°C. 


It 


It is very transparent and 


can be used 


(d) Polyamides.—Owing to its hygroscopic nature, nylon is 


not a particularly good insulator. 
exceptional strength. 


On the other hand, it has 
It has a low coefficient of friction and 


a relatively high softening temperature, being usable up to 


100°C. 


(e) P.T.F.E.—Unlike the materials mentioned above, p.t.fe. 


cannot be moulded. 


It is sometimes extruded, but usually 


powder is compressed to the required shape and sintered. 


P.T.F.E. is remarkable in many respects. 


Che 


mically, it is 


entirely inert, and being also strongly hydrophobic, it main- 


tains its high surface resistivity in all conditions. 


It is also 


noteworthy in that its static and kinetic coefficients of friction 


are equal. 


is restricted to some extent by its high cost. 


Use of the material in industrial-instrument design 


are now being applied to instrument manufacture. 
battery-driven insulation tester, having a self-contained tran- 
sistor-operated voltage convertor, uses printed wiring through- 
out with conventional components. 


Perspex 


30) 6 398) 

1013 1012 ai 1014 
1017 1015 1014 1013 
0-000 1 0:02 0:02 0:02 
2:0 89) 4:0 3-2 
400 375 300 390 


(3) DESIGN DETAILS 


Changes in design are mainly due to the application of new 
techniques, new materials and changes in users’ requirements. 


In some cases, e.g. the use of printed circuits, techniques have 


been acquired from other branches of the industry, whilst, in 
others, special techniques have had to be evolved. Hermetically- 
sealed instruments, which resulted from a specific demand by 


users, provide an example of the latter. 


(3.1) Printed Circuits 


Originally developed by the electronic industry, printed circuits 
A new 


Conversely, a recently 


Fig. 5.—Multi-range test set with printed resistors. 
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introduced multi-range test set, shown in Fig. 5, which is wired 
normally, is probably the first electrical indicating instrument to 
incorporate printed resistors. These are produced from a 
special alloy. One of the printed resistance cards is designed 
as an auxiliary switch plate to form an integral part of the 
selector switch. 
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Fig. 6.—Hermetically sealed shockproof instrument. 


(3.2) Sealed Instruments 


Hermetically-sealed and shockproof instruments were ori- 
ginally derived from Services’ requirements. The Service 
pattern, which is also used for industrial applications, has a 

4in diameter circular dial giving a scale length of over 7in. 
Mounted in pressed-steel cases, they are sealed at either end by 
a silicone-rubber sealing ring. The zero adjuster is also sealed 
with a silicone-rubber gasket. After assembly, the cases are 
evacuated, filled with dry nitrogen and sealed off. An ‘exploded’ 
view of such a sealed and shockproof instrument is shown in 
Fig. 6. Other types of sealed instrument, in sizes ranging from 
1 to 8in-diameter dials, have silicon-aluminium die-cast cases 
which are sprayed with an anti-fungus enamel. The specifica- 
tion for such instruments!> requires that they should withstand a 
temperature range of —40°C to +70°C, 95° relative humidity 
and a pressure differential of 101b/in?. 


(3.3) Long-Scale Instruments 


A feature of electrical indicating instruments since the war 
has been the increasing use of movements whose pointers subtend 
an angle between 240° and 260°. A number of completely new 
movements have been designed for these instruments. 

In the permanent-magnet versions, the coil may work either 
with a parallel magnetic field co-operating with the coil sides 
normal to the axis or in a radial field which reacts with the side 
of the coil remote from and parallel with the axis. The latter 
arrangement allows a much more efficient magnetic circuit than 
the first, and some designs of radial-field instruments approach 
conventional short-scale types in their overall efficiency. Such 
a movement,!® illustrated in Fig. 7, has a full-scale torque of 
1-1 g-cm for an input of 3-SmW. 

Long-scale moving-iron instruments usually have combined 
repulsion-attraction movements. Over the first half of the scale 
the moving iron is repelled by a fixed iron and is then attracted 
towards the gap between two further fixed irons over the rest 
of the scale. An overlap between the two sections ensures that 
no instability occurs at the change-over point. A_ typical 
instrument of this design has a full-scale torque of 0-36 g-cm 
for an input of 1:75 VA. An alternative design uses an attrac- 
tion movement, with a tapered moving iron passing through the 


NYLON-FILLED MOULDING 


RUBBER SHOCK ABSORBER 


i 


} 
| 
/ 


AXWORTHY: INDUSTRIAL ELECTRICAL MEASURING INSTRUMENTS | 


slot of acoil. The moving iron is in the form of part of a hollow pi 
cylinder whose axis coincides with the axis of deflection.!7” This {HT 
instrument is extremely efficient, the full-scale torque being ||" 
0-6g-cm for an input of 0-8 VA. Eddy-current damping is used. ne 

Two types of wattmeter are in common use for long-scale He 
instruments. Several new induction movements have been > 
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designed, which, with their naturally long scale, are ideal for } 
normal power-frequency applications. Iron-cored dynamo- } 
meters are also produced, having a magnetic circuit which is | 
similar to that of a radial-field permanent-magnet instrument. ” 
For use as a wattmeter, the magnet is replaced by a wound coil. 


(| 


Fig. 7.—Long-scale permanent-magnet moving-coil instrument. 


Neither is particularly suitable for use outside the power-fre- 
quency range, but an interesting possibility for a long-scale 
audio-frequency wattmeter is provided by the crystal wattmeter 
described in a recent paper.'® This utilizes the Hall effect of 
germanium or indium-antimonide crystals—a permanent-magnet 
moving-coil instrument being used as the indicator. 

In the smaller sizes of long-scale frequency meter, the most 
commonly used arrangement is a bridge network feeding a 
rectifier moving-coil instrument. Such bridges can be used 
either for power-frequency or audio-frequency applications. 


{ The series is completed by power-factor indicators which may 
e either moving-iron instruments with a 360° scale or dynamo- 
‘eters in which the scale angle is restricted to about 270°. 

/ All the above movements have been designed for use with 
4in-diameter scales, and most of the leading British manu- 
cturers now produce a complete range of such instruments. 


(3.4) Permanent-Magnet Instruments 


| In conventional permanent-magnet moving-coil instruments 
‘f 90-120° scale angle, composite magnets are now becoming 
videly used in place of fabricated designs. A further trend has 
seen toward the design of improved magnetic circuits. 

| One type of movement, shown in Fig. 8(a), has a magnet 
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Fig. 8.—Magnetic circuits of short-scale moving-coil movements. 


(a) External magnets. 
(6) Internal magnets. 


djacent to each pole face with the circuit completed by an iron 
oke surrounding the whole assembly. The magnet system, 
vhich is entirely self-shielding, has a relatively low leakage 
oefficient. In one version, the magnets and pole faces form 
omposite sintered units, whilst in an alternative design a 
abricated assembly with cast magnets is preferred. Because of 
he inherently efficient magnetic circuit, high gap fluxes are 
chieved with small magnets. 

The internal magnet movement was made practicable by the 
roduction of high-energy magnets and was first introduced 
efore the war.!> Its use was, however, restricted to one 
1anufacturer until the advent of sintered composite magnets. 
‘he composite magnets, cylindrical in shape and diametrically 
yagnetized, replace the soft-iron core of a conventional instru- 
vent, whilst a soft-iron annular ring is substituted for the normal 
otes [see Fig. 8(b)]. The circuit is self-shielding and of extremely 
izh magnetic efficiency; for example, a conventional magnetic 
ivcuit with a magnet of 36cm? volume can be replaced by an 
s(ernal magnet system with 6-5cm? of magnet, the two arrange- 
wnts giving the same effective gap flux density. A peculiarity 
f internal magnet systems, if correctly designed, is that the flux 
easity calculated from the constants of the instrument is some 
» % higher than the measured flux density. This indicates that 
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a substantial torque is produced by the top and bottom as well 
as by the sides of the coil moving in the air-gap. A disadvantage 
of core-magnet instruments is their restricted scale angle—90° 
is about the maximum deflection for an evenly-divided scale 
compared with 120° for more conventional types. 


(3.5) Moving-Iron Movements 


Recent designs of moving-iron instruments do not depart 
seriously from established practice. A wide extension of the 
frequency range of a moving-iron attraction-pattern voltmeter 
was achieved by significantly increasing the sensitivity of the 
movement. Increased sensitivity was attained by the addition 
of iron to the coil. The errors of such an instrument do not 
exceed 1% between 50 and 2500c/s with sinusoidal, triangular 
or square waveforms. A recently published analysis of the 
shunt-capacitor method of frequency compensation permits a 
precise calculation of the capacitance required and the range of 
frequency over which it is effective.2° A better understanding 
of factors controlling scale shape, coupled with improvements 
in manufacturing techniques, has allowed the use of pre-printed 
scales on repulsion ammeters and voltmeters of industrial 
accuracy. Scale shapes can be repeated on quantity-produced 
instruments to within +0-75% of a standard scale. Of par- 
ticular interest is a moving-iron movement of the parallel-iron 
type, which has almost ideally linear scale from 5% up to 100% 
of the scale range. This result is obtained by siting the axis of 
the movement to one side of an elliptical coil rather than in the 
centre of a round one.?! 


(3.6) Wattmeter Movements 


Induction movements and air-cored dynamometers are the 
most commonly used types of wattmeter movement for panel 
instruments, although the thermocouple wattmeter finds some 
applications, mainly for audio-frequency work and in aircraft.?? 

The use of oval, in place of circular, coils, in iron-less dynamo- 
meter movements, gives a useful saving in the overall depth of 
the movement. In a typical design, the ratio of major to minor 
axis of the current coil is 1-5: 1. This technique is particularly 
effective when applied to polyphase instruments in which two 
or three elements are mounted in tandem on a common spindle. 


(3.7) Presentation 


Since the war, the importance of applying scientific methods 
to the presentation of measured data has been increasingly 
recognized. Considerable experimental work on the legibility 
of numbers and the readability of various forms of scaling has 
been carried out, particularly at Cambridge University by the 
Applied Psychology Unit of the Medical Research Council.?3 
At the same time, attention has been paid to the overall appear- 
ance of instruments by the introduction of qualified industrial 
designers responsible for the styling of instruments. 


(3.7.1) Scales. 

it has been established that the simpler the graduation system 
consistent with supplying the required information, the more 
easily will the instrument be read.24 The modern tendency is 
to reduce irrelevant lettering on the scale plate to a minimum. 
Very often, the quantity being measured, the maker’s name or 
trade mark, the accuracy grade and the instrument number, the 
last two in small lettering at the bottom of the dial, are all that 
appear, apart from the graduations. Any other necessary data 
are shown on the back of the instrument. Unfortunately, some 
Service specifications still require that the scale plate be ‘cluttered 
up’ with writing. 

The combination of knife-edge pointer and mirror scale is 
still thought to provide the most accurate method of reading an 


410 


instrument and is universally used on precision-grade instru- 
ments. The platform scale, in which the graduated part of the 
dial is raised to the plane of the pointer, is often fitted as an 
anti-parallax device.'5»?5 In a particular series of long-scale 
instruments, the platform scale is made of Perspex, into which 
two small lamps are inserted at the corners. These lamps, con- 
cealed from the front, provide an annular ring of light around 
the graduated part of the scale. 

During the period under review, there has been an increasing 
demand for flush rectangular instruments in size up to about 
6in square. Some manufacturers have met this demand with 
completely rectangular cases, but round-bodied instruments 
having rectangular fronts are now usually preferred. Moulded 
cases are generally acceptable, and where these cannot be used, 
diecast aluminium is often substituted for instruments up to 
about 5in square. In the larger sizes, pressed steel is ousting 
cast iron. 


(4) MEASUREMENT TECHNIQUES 
(4.1) A.C. Bridge Networks 
Bridge networks are being used in a growing number of 
instruments for certain a.c. measurements. A number of manu- 
facturers are now producing frequency meters in which a per- 
manent-magnet moving-coil indicator shows the degree of 


Fig. 9.—Long-scale ratiometer movement. 


balance of a frequency bridge network. In one example, which 
can be used in the power-frequency band and in frequencies 
up to 20kc/s, two double-T bridges are used, one balanced 
above and one below the range of the instrument. The current 
consumption of such an instrument is of the order of 3mA. 
Ring-modulator circuits are used for measuring the component 
of current in a circuit which is in phase with the voltage.2° An 
interesting application of such an instrument is the wattmeter 
bridge, designed for production testing, in which the indicator 
is scaled in percentage deviation from a predetermined value. 

Other instruments incorporating bridge networks include 
synchroscopes and phase-sequence indicators. 


AXWORTHY: INDUSTRIAL ELECTRICAL MEASURING INSTRUMENTS 


(4.2) Speed Measurement 


Except where direction of rotation is involved, a.c. tachometer by 
generators with rectifier-operated indicators are almost uni-\) 
versally used for speed measurements, although some makers)) 
prefer to use a d.c. generator for low speeds. Three-phase}; 
alternators, used in conjunction with full-wave 3-phase bridge!) 
rectifiers and permanent-magnet moving-coil indicators naval 
recently been introduced. A 12-pole 3-phase generator without» 
gearing is used for indicating speeds as low as 50r.p.m. (full!) 
scale), while at the other end of the range, speed indicators}) 
having a range of 0-80000r.p.m. are available. The latter 
instruments measure the speed of cold-air turbines in aircraft.» 
The 2-pole magnet is bolted directly on to the turbine rotor shaft)" 
and the stator clamped to the body of the turbine. To provide) 
for interchangeability of generators and indicators, rectifier- ” 


t 


operated ratiometers are used to measure the output frequency. bt 
! 


(4.3) Resistance Measurements | 


Ratiometer instruments are still the most widely used for the. 
measurement of resistance. A long-scale version, which is alsa 
applied to the measurement of temperature and frequency, is | 
illustrated in Fig. 9, which shows an ‘exploded’ view of the’ 
movement together with a view of the instrument arranged as al 
tap-position indicator. i 


(OE | 


Milliammeter methods of measuring resistance are increasing | 
in popularity. An unconventional instrument, designed for 
production testing, comprises a stabilizer feeding a Wheatstone 
bridge which has a valve voltmeter, calibrated in terms of 
percentage deviation from the present desired value, in place 
of the usual galvanometer. A valve voltmeter is also used as 
the indicator of an ohmmeter, which is noteworthy in having an 
evenly-divded ohms scale. The instrument, which has full-scale 
readings ranging from 3 ohms to 1 megohm in 12 steps, feeds 
a stabilized current into the unknown resistance. The voltage 
across the resistance is then measured by the valve voltmeter. 
Recent developments in the design of insulation-resistance 
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Fig. 10.—Regulation of transistor d.c. convertor. 


esters include the incorporation of a transistor-operated voltage 
‘convertor to provide a high d.c. test voltage from a small 9-volt 
battery. The higher efficiency obtainable with transistor con- 
ertors ensures a long life from the battery, whilst its ease of 
joperation is a particularly attractive feature of the instrument. 
The regulation curve of the instrument is shown in Fig. 10. 

The 13th Edition of The Institution’s Regulations for the 
‘Electrical Equipment of Buildings requires a measurement of the 
arth-fault loop impedance by a current-injection method, and 
everal instruments have been designed to measure the impedance 
jof the neutral-earth loop with injected currents up to 20amp. 
‘Most instruments measure current at a fixed voltage with the 
tammeter also having a resistance scale. Owing to the voltage 
;which may exist between earth and neutral, the makers usually 
recommend that two tests be made at opposite polarities and the 
‘mean of the two resistance readings be taken. Tagg’ has shown 
jthat considerable inaccuracies may result if a phase displacement 
exists between current in the neutral and the injected current, 
and G. L. d’Ombrain pointed out, in the discussion on Tagg’s 
paper, that a more logical method would be to calculate the 
impedance from the mean of the two current readings. An 
alternative design uses a bridge network with the neutral-earth 
loop impedance forming one arm of the bridge, again requiring 
two readings to be made at opposite polarities. A d.c. instru- 
ment has been designed in which a hand-driven generator 
provides the injected current, which is continually reversed by a 
commutator. The particular Regulation concerned, Regula- 
tion 507 Section 5, has received some adverse criticism, and other 
methods of measuring the resistance of the earth-fault loop 
bave been proposed.”® 


(4.4) Power Measurements 


Measurements of active, apparent and reactive power and 
ewer factor are made for monitoring power supplies. Any two 
© these are sufficient for a complete appreciation of the load 
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Fig. 11.—Vectormeter. 


conditions, and a measurement of active power is almost 
invariably included. The Vectormeter (Fig. 11), however, pro- 
vides all the relevant information in a single instrument.!> Two 
pointers moving normally to each other and in a plane parallel 
to the scale, measure active and reactive power, respectively, and 
the intersection of the pointers give both current and power 
factor. Such instruments are mainly used in power-station 
control rooms. 

An alternative is the combined wattmeter and varmeter in 
which a single instrument measures active and reactive power 
successively, the quantity being selected by a switch. Only one 
voltage transformer and one current transformer are required 
for both measurements. 

Direct-reading volt-ampere meters are achieved by feeding the 
coils of a dynamometer movement from 3-phase rectifier net- 
works. 

An interesting proposal for measuring power factor uses a 
small synchro as the movement. The 3-phase winding of the 
machine has its star point opened and the coils connected to a 
3-phase supply. The other ends of the coil are then connected 
to a second supply in such a manner that the individual supplies 
produce counter-rotating fields. The H-type rotor of the synchro 
then aligns itself in a position determined by the phase difference 
of the two supplies.2? It is claimed that the method produces a 
power-factor meter of phenomenally high torque. 


(4.5) Telemeters 


Telemeters find their main application in the remote indication 
of summation-wattmeter readings in power stations, of pressure- 
gauge readings, of gas and water flow and of liquid levels. 
Most repeaters operate on the torque-balance principle and the 
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majority include electronic elements. A notable exception, 
originally due to G. F. Shotter, which uses two iron circuits 
with a variable coupling as the transmitter, has recently been 
redesigned to take advantage of modern magnetic materials and 
techniques. A widely used electronic repeater is based on a 
well-known photocell-operated d.c. amplifier.3° When the 
amplifier is modified to operate as a telemeter, the originating 
element takes the place of the usual galvanometer and is 
mechanically controlled by a permanent-magnet moving-coil 
instrument which replaces the feedback resistance and which 
mechanically applies negative feedback in the form of a control 
torque on the originating spindle.7!_ The Marchment electronic 
remote indicator uses a hard valve, the grid bias of which is 
controlled by contacts operated by a moving-coil relay in the 
anode circuit. The average current through the relay produces 
a force which continuously and precisely balances the torque of 
the originating movement.** 

The output circuit of remote-indicator equipments usually 
contains a number of moving-coil instruments and often includes 
indicators up to 48in square. Instruments of 20in diameter 
and larger usually have geared movements, although one manu- 
facturer uses a long-scale radial field movement for all sizes up 
to 30in. Selsyn units, operated by a local servo-mechanism 
responding to the repeater output, are often preferred to geared 
moving-coil movements in the largest sizes of instrument. 

Where the output is to be transmitted over Post Office lines, 
barrier transformers are required at both ends. In such cases, 
saturable reactors are used to convert the d.c. output to alter- 
nating current and at the same time to amplify the output to 
provide for the losses in the transformers and transmission lines. 


(4.6) Self-Balancing Instruments 


Originally developed as recording instruments, electronic self- 
balancing indicators combine extreme sensitivity with a high 
degree of ruggedness. They are ideal for measuring low d.c. 
potentials and are being increasingly applied to the indication 
of temperature, CO, CO,, pH, etc. The measuring circuit is 
either a Wheatstone bridge or a potentiometer, having a d.c. 
amplifier, usually of the chopper type, as a detector. The output 
of the amplifier feeds a servo motor which drives a slide wire 
to maintain balance. The instrument pointer is coupled to the 
slide wire. A typical instrument has a minimum full-scale range 
of 1mV with an error of 0:5%. 

A different type of self-balancing instrument provides a d.c. 
output in milliamperes proportional to a millivolt input, an 
input of 20mV giving a current of 20mA into 1000 ohms. The 
instrument consists of a balanced resistance bridge network, 
one arm of which is an electronic oscillator behaving as a variable 
d.c. resistance. The oscillator is of the tuned-anode tuned-grid 
type working under class-C conditions. When the resonant 
grid circuit is damped, the valve bias becomes more positive 
and decreases the effective resistance of the valve. The effective 
resistance is controlled by a permanent-magnet moving-coil 
indicator in which the pointer is replaced by a vane and the scale 
by a small pancake coil. The coil is part of the oscillator grid 
circuit and controls the resistance of one arm of the bridge. A 
milliammeter, reading the output current, is connected in series 
with a feedback resistor across the bridge. The moving coil of 
the control instrument, which is known as an ‘Inductrol’, is 
connected in series with a millivolt input across the feedback 
resistor. When a potential is applied to the input terminals, 
the Inductrol vane approaches the pancake coil and causes a 
current to flow across the bridge. The current increases until 
the voltage drop across the resistor balances the input potential. 
The current through the feedback resistor, which also flows in 
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Fig. 12.—Simplified circuit diagram of the servo-potentiometer. | 
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the output circuit, is directly proportional to the input 
potential. A simplified circuit is shown in Fig. 12. A feature) 
of the instrument is its small size, the unit occupying only’ 
34in < 74in X 84 in. 


(4.7) Audio-Frequency Power Measurement 


The use of specially designed feedback amplifiers in conjunc- 
tion with dynamometer wattmeters has provided a considerable’ 
extension both of the frequency range and the sensitivity of the © 
instruments.?? An alternative approach recognizes the inherent | 
virtues of the electrostatic wattmeter for the measurement of | 
power at high frequencies. A recent paper discussed the use of | 
the electrostatic instrument for iron-loss measurements.34 It! 
was shown that the usual difficulties of setting up the instrument | 
were removed by arranging that a small section of one quadrant 
was adjustable in a vertical direction. It was also demonstrated 
that, if amplifiers be used, the error due to the quadrant shunt 
will be eliminated if the gain of the amplifier in the current circuit 
is twice that in the voltage circuit. The paper resulted in the © 
production of a portable electrostatic wattmeter?> which is 
particularly suited to the measurement of iron loss at frequencies - 
up to 30kc/s. 

Although the principle on which thermocouple wattmeters — 
operate was established in the early part of the century, it is only 
recently that they have become available as production-model - 
portable instruments for audio-frequency measurements. Six- 
inch-scale wattmeters are now made for use up to 5kc/s with — 
ranges between 2-5 and 600 watts full scale and a maximum 
CLLOMOL Ese 


(4.8) Frequency Monitoring 


The pendulum-controlled master frequency meter continues as 
a key instrument in control rooms. A recent development, in 
which a crystal-controlled oscillator replaces the pendulum as a 
time standard, uses a digital display showing time error in 
minutes and seconds fast or slow. 

The use in control rooms of instruments indicating the rate of 
change of frequency is increasing. These instruments, comple- 
mentary to the usual precision frequency meters, help control 
engineers to anticipate load changes. 

An electronic instrument obtains the rate of change by com- 
paring the mains frequency with the output of a crystal oscillator. 
By charging two condensers in turn from a direct voltage propor- 
tional to the difference frequency, and comparing the charges on 
the condensers at 1 min intervals, the mean rate of change of 
frequency is given.*° 

Another instrument uses two synchronous motors, one driven 
from the mains supply and the other from a standard source. 
The difference in the rotation of the two motors gives the time 
error and is passed to two mechanical differentiators in series, 


he output of the first indicating frequency and that of the second 
ihe rate of change of frequency.37 

A third method incorporates a self-balancing frequency meter. 
The movement of the balancing motor shaft is transmitted to 
entre-tapped variable potentiometers. Six potentiometers are 
used, the motor being coupled to each in turn for a 2 min period. 
Svery +min a potentiometer is uncoupled and replaced by 
nother. The voltage on the uncoupled resistor, proportional 
xo the mean rate of change of frequency during the preceding 
min, is measured, after which the slider is returned to the 
sentre position and eventually recoupled to the motor.?8 


(4.9) Live-Conductor Testers 


When maintenance work is necessary on high-voltage lines 
or equipment it is desirable to ensure that the high-voltage 
conductors are dead before earthing them. The E.R.A. 
examined this problem and recommended a high resistance in 
series with a rectifier moving-coil indicator as the most satis- 
factory means of making the necessary tests.3? An instrument 
éhased on these recommendations comprises a long insulated 
tube having a contact piece at one end and a 31 in instrument 
ai the other. A handle is fitted below the instrument with an 
2arthing lead attached to the end of the handle. The insulated 
tube contains a string of high-stability carbon resistors, the tube 
‘ength varying according to the maximum voltage on which it is 
to be used. An instrument for use on 33kV systems is scaled 
2D 40kV, the resistance tube has a length of 30in and the overall 
ieagth of the stick is 56in. Arrangements are made enabling 
he sticks to be used for phasing-out, whilst bent-end adaptors 
re available for inserting the sticks into circuit-breaker spouts. 
‘A small test box is provided for determining, before and after 
ause, that the instrument is functioning correctly. 

Electrostatic live-line testers are similar in many respects to 
the series-resistance model except that the indicator is an electro- 
Static voltmeter and the series impedance is a condenser. An 
wextension of the high-voltage terminal into the insulated tube 
forms one electrode of the condenser whilst an outer metal 
sheath over the tube provides the other plate. The range of the 
instrument can be varied by sliding the outer metal tube to vary 
the coupling. Two ranges, in the ratio of 1:2, are usual. 
Adaptors and testing arrangements are provided. 


(5) PORTABLE INSTRUMENTS 


The use of long-scale indicators in industrial-grade portable 
tinstruments is increasing. The extra length of scale is attractive 
iand makes for easier readability. Some makers fit mirror scales 
‘on long-scale portable instruments, although the accuracy of 
/measurement hardly warrants such a refinement. 

Multi-range a.c./d.c. instruments using metal rectifiers for a.c. 
/measurements are now firmly established as general-purpose test 
ssets. A new model having 19 ranges uses printed resistors and 
/measures only 53in x 3$in x 1Zin. A somewhat large instru- 
‘ment, having a Sin scale, provides 18 ranges with pushbutton 
‘range selection. 

Improvements in precision instruments are largely due to the 

improved materials used in their construction. For example, 
by using the new nickel-iron alloys in moving-iron instruments, 
‘the difference between a.c. and d.c. calibration is reduced to 

0-05%, which approaches the limit of reading sensitivity for 
‘such an instrument. Better reading sensitivity and accuracy are 
a hieved by the Hawkes-Shotter comparator, which is now 
videly used as a commercial standard.4° The instrument can 
bs used for power, voltage and current measurements with a 
1 ading sensitivity of 0-01°% and a maximum error of 0-05 %. 
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(1) INTRODUCTION 


The paper deals with the progress in the design of scientific 
measuring instruments since the last review was published in 
1946.1 The upsurge in scientific and technological progress 
during this period has necessitated considerable development in 
measuring techniques. The rate of progress in any branch of 
science is determined to a considerable extent by the ability to 
measure the phenomena under investigation. New instruments 
shave been developed for new applications, and much effort has 
een devoted to improvements in existing measuring apparatus 
9 cope with the continual demands for improved performance 
and reliability. In many applications a degree of accuracy is 
mow expected from commercial instruments that has hitherto 
«een achieved only by the most refined laboratory techniques. 
It is not possible in the course of a single paper to deal with 
he whole field of scientific measuring instruments, and the paper 
is restricted to a consideration of those devices which are 
wiimarily of interest to the electrical engineer, or which utilize 
lelectrical measuring techniques. 
The most important developments in the period that has 
lelapsed since the last review have probably been in connection 
ith nuclear phenomena and their applications, semiconductor 
devices and electronic instruments. 


(2) MATERIALS AND COMPONENTS 
(2.1) Resistors and Resistance Materials 


The bulk of precision resistance work is still based upon the 
icopper-nickel-manganese alloys, manufactured under several 
rade names, but commonly known as manganin. The tech- 
mique for the construction of precision resistors with this alloy 
is well known and is based upon correct annealing procedure 
and strain-free construction. The last condition is difficult to 
¢satisfy, except in low-value resistors, and while it has long been 
‘possible to construct resistors having values up to 10 ohms which 
Vwould remain constant within a few parts in a million, this 
‘reliability cannot be obtained with any certainty with higher- 
value resistors. A successful strain-free construction suitable 
(for resistors up to 1000 ohms has been devised by Hall, Gridley 
.and Barber.2 The bare resistance material is wound into a 
ilong close-pitched helix and annealed. The helix is laid loosely 
‘in a multi-turn spiral groove cut in a Perspex disc fitted with a 
‘cover plate and hermetically sealed. The finished resistor of 
disc form is comparatively large, but this is not objectionable in 
'a resistor of the highest precision. 

Considerable interest has been aroused by the introduction of 
the nickel-chromium-aluminium alloys with copper or iron. 
‘Tnese alloys have resistivities three times that of manganin, a 
teermal e.m.f. to copper generally less than that of manganin, 
and a temperature coefficient of resistance which may be con- 
trolled by heat treatment at moderate temperatures. A resis- 
tence change over a range of temperature of one-tenth of that 
© manganin can be obtained. Tests indicate that the long-term 
s ability may be comparable with good samples of manganin, 
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though there is some sensitivity to vibration. Owing to the long 
experience in constructing resistors with manganin, this new 
material is unlikely to replace it for high-precision d.c. resistors. 

The new alloys can be operated over a temperature range up 
to 100°C, and this, coupled with their high resistivity, is an 
advantage in a.c. work. The reduced amount of material neces- 
sary for a given high resistance permits a substantial reduction 
in time-constant to be achieved. It is probable that these alloys 
will be generally adopted for use in high-grade high-resistance 
boxes. The alloys must be hard-soldered to copper, and this 
appears to be the only practical difficulty. 


(2.2) Instrument Switches 


The main changes in design of instrument switches have been 
due to attempts to simplify and cheapen their production. 
Moulding of switch parts is now common. One manufacturer is 
constructing the contacts in decade resistance-box switches from 
pressings in silver-faced metal, and the same manufacturer has 
produced a rather novel 100-point switch for precision vernier 
potentiometers in which the contacts are constructed from copper 
wire, replacing the conventional gold-silver contact. 

The low noise level and low thermal e.m.f. generated in 
high-quality potentiometer switches have led to their inclusion 
in motor-driven form into industrial temperature-measuring 
apparatus. 

A new type of instrument switch has been introduced recently 
in which the switch contact is of sintered silver graphite, one of 
the so-called Elkonites, and the wiper of silver. This switch 
has the advantage that it is self-lubricating, and the periodical 
cleaning and oiling necessary with instrument switches is elimi- 
nated. The contact resistance is of the same order as that of a 
conventional switch in good condition. 


(2.3) Materials for Sliding Contacts 


Much progress has been made in the development of contact 
materials; new alloys have been developed for slide-wire contacts 
such as the copper-silver-gold (625) alloy. This gives excellent 
results in most types of resistance slide-wire. The development 
of rhodium-plating techniques now permits the use of this metal 
for contact surfaces; although very expensive, it appears to be 
completely stable under every conceivable condition, and ensures 
absolute reliability of contact even after long periods of idleness. 
It is particularly useful in conjunction with 625 alloy for light- 
duty slip rings in electrical measuring circuits associated with 
rotating machinery. The thermal e.m.f. generated is about 
0:095mV per 100°C. A considerable improvement in noise 
level and a reduction in the thermal e.m.f. to 0:015mV per 
100°C can be achieved by the use of silver rings with silver- 
graphite brushes, but this combination is unsuitable for use in 
sulphur-laden atmospheres. 


(3) SEMICONDUCTOR DEVICES 
(3.1) Thermistors 


The thermally sensitive resistor, or thermistor,’ is a sintered 
compound of semiconductors and has a temperature coefficient 
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of about 0:04 per degC. The material is available in beads and 
discs with a very wide range of resistance values. The resis- 
tance/temperature characteristic of the material is reproducible 
within close limits, and it now forms the basis of many instru- 
ments for measuring small temperature changes. The high 
sensitivity of the material enables temperature changes in the 
region of 0:001°C to be measured with a relatively simple 
Wheatstone bridge. Thermistor beads are available having a 
diameter as small as 0:01 in, and it is apparent that in this form 
temperature changes in small objects can be readily measured. 
Other applications include anemometry. 

The non-linear relationship between applied voltage and 
current enables them to be used as voltage-sensitive devices in 
stabilizers, and as automatic amplitude controls in electronic 
oscillators and amplifiers. 


(3.2) The Hall Effect in Semiconductors 


The Hall effect occurs when a transverse magnetic field is 
applied to a conductor carrying a current. An e.m.f. is set up 
in the conductor at right angles to the magnetic field and the 
direction of current flow. This e.m.f. is due to the deflection of 
the carriers taking part in the conduction process, and is relatively 
large in semiconductors like germanium. Magnetic-field- 
strength meters have been developed using this principle, and 
these may be useful where only limited access to the field exists.® 

The possibilities of using the Hall effect for power measure- 
ment have been studied by Barlow,?:!° who has developed 
semiconductor wattmeters using germanium crystals for use 
in the audio-frequency range and in waveguides. The output 
from the germanium crystals is in the microvolt region, which 
necessitates a rather sensitive detector. The accuracy obtained 
so far is not very high, although comparable in some cases with 
existing power-measuring devices. Other semiconductors such 
as indium antimonide give much larger Hall effects, and their 
adoption may increase the sensitivity. The method shows con- 
siderable promise, and further developments may minimize the 
disadvantages. This new principle may offer advantages in the 
measurement of power in heavy-current power systems and in 
waveguides. 


(3.3) Ferroelectrics 


The term ‘ferroelectrics’ is applied to a series of ceramics 
which exhibit dielectric hysteresis effects closely analogous to 
magnetic hysteresis in ferromagnetics. Notable among these 
materials is barium titanate, which develops marked piezo- 
electric properties after being subjected to a polarizing electric 
field of the order of 20kV/cm. This material has a permittivity 
several hundred times that of quartz, and therefore piezo-electric 
elements made from it offer a much lower impedance than those 
previously available. The material is now made use of in a 
variety of instruments for measuring vibratory strain and 
acceleration.!! The sensitivity of the ceramic may be expressed 
as the field produced per unit pressure in the direction of the 
polar axis, a typical figure being 1 -3 x 10~? volt/m per newton/m2. 
Very simple accelerometers can be constructed with this material. 
A typical form consists of a small base plate with an axial stud 
for screwing to the vibrating body; a polarized disc of barium 
titanate having a cylindrical mass attached to its other face is 
bonded to the base plate. Acceleration of the base is trans- 
mitted to the mass, which then exerts a pressure on the ceramic. 
The piezo-electric ceramic generates a charge which is directly 
proportional to the acceleration at any instant, and has the same 
waveform as the displacement. A typical design gives 18 mvV/g 
across a high-load impedance. The frequency response is 
constant between 40c/s and 10kc/s, and accelerations up to 
1000g can be withstood. 
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Very sensitive vibration strain-gauges can be made by silvering il 
The coating | 
on one face is extended round one edge on to a bare region on |) 
These gauges give an! 

They are | 
not responsive to static strain, however, and some difficulty i 
arises in calibrating them. Asa result, they are more commonly 
The jf 
gauges can also be used for exciting vibrations in the body to | 


opposite faces of wafer-thin strips of this ceramic. 


the other face to facilitate connection. 
output of about 0-1 volt for a strain of 1 part in 10°. 


used for the detection of small vibration resonances. 


which they are affixed, by energizing them from an oscillator. 


(4) ALTERNATING-CURRENT BRIDGES 


A complete new range of a.c. bridges for the measurement of 
capacitance, inductance and resistance at frequencies up to 
100 Mc/s has been developed by the use of inductively coupled 
ratio arms. The basic principle is not new, having originated 


during the last war.!> The use of inductively coupled ratio 


| 
| 
| 
! 


with Blumlein in 1928, and much work on radio- frequency © 
bridges using this principle was subsequently carried out at the © 
B.B.C.!2 The full potentialities of the method were indicated | 
by the development of a direct-capacitance aircraft altimeter © 


arms permits the measurement of small impedances in the - 


presence of large unwanted stray capacitances. Referring to 


Fig. 1, T; is a voltage transformer whose secondary is tapped » 


SOURCE DETECTOR 


Fig. 1.—A.C. bridge with inductively coupled ratio arms. 

to give Ny and Ng turns. T, is a current transformer, the 
primary of which is tapped to give ny and ng turns, and the 
secondary winding is connected to a null detector. Zs; and Z 5 
are a known and unknown impedance respectively. If Zg is 
adjusted to give null indication on the detector, there is then 
zero flux in the current-transformer core, i.e. the total number 
of ampere-turns on the core must be zero. It follows that 


Nyny 
Ngng Ss 


Za 


It is possible by a suitable combination of tappings to obtain a 
very wide range of measurement in terms of any given standard. 

The manner in which stray earth admittances are rendered 
ineffective may be understood by reference to Fig. 2, which 
shows an impedance with stray admittances being measured on 
the bridge. Since there is zero flux in the detector transformer 
core at balance, there is no potential difference across its wind- 


| 


Fig. 2.—Effect of earth admittances on an inductively coupled 
ratio bridge. 


mgs, and hence across y>, which will therefore not affect the 
_,alance. The input admittance y, shunts the source transformer 
ynd will only affect the bridge balance if the current taken causes 
: significant drop in the terminal voltage due to leakage reac- 
“tance and resistance in the transformer windings. This can be 
-jounteracted by care in the transformer design. Commercial 
ridges are available in which capacitances as low as 0:0002 pF 
‘ian be measured. Useful discussions of these networks will be 
“wound in References 12-16. 
_ Many of the difficulties occurring in the use of conventional 
«.c. bridge circuits at radio frequencies can be eliminated by the 
“use of the twin-T circuit in which source, detector and unknown 
jiave 2 common earth connection. An admittance bridge using 
vhis principle has been developed by Woods!’ for use in the 
iange 3-300 Mc/s; it has an error of about 0:2%. 
_ A.C, bridges have also been developed for the assessment of 
“the moisture content of insulating materials.'8 These measure 
the change of capacitance with frequency over the range 
~1:05-S0c/s. It is not possible to use a conventional balance 
“fetector at very low frequencies, as the time required for 
walancing is excessive. This difficulty has been resolved by the 
evelopment of a detector which separates its response into 
yomponents in phase and in quadrature with the oscillator 
-yoltage, and by disposing the bridge circuit so that in-phase and 
juadrature components can be independently controlled. 
A three-terminal twin-T network of resistors and capacitors 
“will reject a single frequency, and this frequency may be varied 
over a wide range by the use of triple-ganged continuously 
wariable resistors. If such a network is shunted across a single 
walve stage in an amplifier, the stage gives gain only at the 
“/tequency to which the twin-T network is adjusted. This principle 
‘nas been used in the development of tunable bridge amplifiers 
vor frequency ranges 20c/s—200 kc/s. 


i (5) APPARATUS FOR THE PRECISE MEASUREMENT OF 
ALTERNATING CURRENT, VOLTAGE AND POWER 


(5.1) A.C.-D.C. Transfer Devices 


Developments in this field have been concentrated upon the 
revision of standardizing apparatus for calibrating ammeters, 
‘yuitmeters and wattmeters in the audio-frequency range. An 
e.—d.c. transfer instrument is necessary for such work, and the 
electrostatic voltmeter has proved to be the most useful and 
vesatile instrument for this purpose in laboratories. The 
el ctrostatic voltmeter is believed to have negligible errors at 
«P quencies up to 100kc/s, and its use in the audio-frequency 
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range is largely determined by the frequency characteristics of 
the ancillary shunts and multipliers. Much work has been 
carried out upon the development of these components for use 
in the audio-frequency range.?? 

An alternative a.c.—d.c. transfer device which has come into 
prominence as a result of the work of Hermach?* is the thermal 
convertor. The thermal convertor has long been used for the 
measurement of current at high frequencies, but until recently it 
has not been considered as a transfer device of the highest pre- 
cision. This is due to certain inherent difficulties, namely the 
substantial reversal differences which occur when the heater is 
energized by direct current, the tendency to drift, and lack of 
understanding of the cause of the a.c.—d.c. transfer errors. It 
is now known that the errors depend upon the heater material, 
and units constructed with heaters of the binary alloy 80Ni20Cr 
may be expected to have transfer errors of less than 1 part in 10%. 
The thermal drift is caused by a temperature coefficient which 
may be as high as 0-002 per degC. This high temperature 
coefficient is believed to be due to the presence of unwanted 
thermo-junctions in the couple connections, and, although these 
could be eliminated by changes in design, there are serious 
practical difficulties in such changes. Attempts have been made 
to eliminate this drift by back-to-back operation of two units, 
but identity of characteristic is necessary for success, and this is 
rarely achieved. Drift due to ambient temperature changes is 
not a difficulty if measurements can be carried out rapidly, and 
the provision of high-stability electronic power sources has been 
of great assistance to this end. With such power sources little 
difficulty is experienced in repeating measurements with a 
vacuo-thermo-junction to within 5 parts in 10°. 

A simple multi-range volt-ampere convertor, based upon the 
vacuo-thermo-junction has been developed?> which will measure 
alternating current or voltage with an error of +0:05%. It 
has ranges of 15-300 volts and 0-1-Samp, and an upper fre- 
quency limit for 0-05 % error between 20 and 100kc/s, depending 
upon the range used. This instrument seems to be suitable for 
most of the accurate alternating current and voltage measure- 
ments normally required in a laboratory. 

The conventional thermal convertor consists of a straight wire, 
heated by the passage of the current being measured, with a 
thermo-junction sensing the mid-point temperature rise. The 
indirectly heated thermistor has been suggested as an alternative 
for voltage and current measurement;?° it has a considerably 
higher sensitivity but a slower response. 

It is possible to measure power in a.c. circuits over a wide 
frequency range by the use of two thermal convertors, provided 
that the output e.m.f. of each convertor is proportional to the 
square of the heater current. A true square-law response 
cannot be realized in a single convertor, and wattmeters using 
this principle may be subject to errors of several per cent. The 
problem has been fully investigated by Hill,*’ who has recently 
developed a compensated convertor consisting of two units in 
series, one having a Nichrome heater and the other a platinum 
heater. With this combination a true square-law response may 
be obtained. A new wattmeter has been developed, using these 
compensated convertors, with an overall instrument error for 
all conditions of load and power factor of 0°1% over the 
frequency range 200c/s-10kc/s, and 0:3% for the range 
50 c/s—30 ke/s. 


(5.2) A.C. Potentiometers 


There are many types of a.c. measurement where it is desirable 
that the measuring apparatus should absorb negligible power 
from the circuit. The a.c. potentiometer is extensively used for 
such measurements, and it will operate satisfactorily in the 
audio-frequency range if a vacuo-thermo-junction is used as the 
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transfer device. At these frequencies unwanted capacitance 
currents in the potentiometer can cause serious errors, but these 
errors can be largely eliminated by careful shielding. 


(5.3) Indicating Instruments incorporating Feedback Amplifiers 


Electronic negative-feedback amplifiers are now being used in 
conjunction with high-grade instruments as impedance-changing 
and amplifying devices. Provided there is sufficient feedback, 
the gain of such an amplifier is unaffected by changes in valves 
and other components, and may be determined solely by a high- 
grade wire-wound resistor. Such amplifiers are combined with 
moving-iron or electrodynamic milliammeters to form accurate 
measuring instruments having very high input impedances. 
Electrodynamic wattmeters have been fitted with feedback 
amplifiers for use in the audio-frequency range with minimum 
circuit loading. An advantageous feature is that the amplifier 
forces the voltage-coil current to be in phase and proportional 
to the amplifier input, thus eliminating effects due to the induc- 
tance of the voltage coil.28 


(5.4) Stabilized Power Supplies 


The extension of precise voltage, current and power measure- 
ment into the audio-frequency range has necessitated the pro- 
vision of high-stability variable-frequency power supplies. This 
requirement has been met by the development of stabilized 
electronic-oscillator amplifier sets. The Wien-bridge RC oscil- 
lator is particularly suitable for such applications because of 
the ease with which it can be stabilized by a non-linear element 
such asalamp orathermistor. Such oscillators can be designed 
to maintain their output level constant within +0-01% for 
short periods; in addition the waveform is good, as a total 
harmonic content in the region of 0-1 % can be attained. 

Output powers of the order of hundreds of watts have been 
produced by the attachment of amplifiers to the oscillator output. 
Phase-shifting networks in conjunction with a number of ampli- 
fiers have been used to produce two outputs continuously 
variable in phase suitable for wattmeter testing. Three-phase 
outputs are also available. The output stability of a typical 
oscillator-amplifier set is about 0-01°% over one minute, with a 
harmonic content of 0:3°%. It is necessary to provide the ampli- 
fier and oscillator with stabilized anode and heater supplies 
unless a large amount of negative feedback is incorporated.29 

An interesting development has been the production of an 
oscillator having a purely sinusoidal voltage waveform.2° This 
oscillator has been used in the determination of the a.c.—d.c. 
transfer error of an electrostatic voltmeter by making use of the 
fact that the effective value of a pure sine wave may be determined 
accurately from measurements of either its mean or peak value. 

Electronic stabilizers are now available for stabilizing the 
50'c/s mains supply. A noteworthy example is that due to 
Patchett,*! which in a typical case will give an undistorted output 
up to 500 watts, stable to within 0:01°%. The performance is 
independent of the load power factor. This particular stabilizer 
uses a thermistor bridge as the voltage-sensitive element. 

Electronic stabilizers are also being produced using saturated 
diodes as the voltage-sensitive element. 


(6) NUCLEAR DEVICES 


(6.1) Radiation-Measuring Instruments 


Measurements in nuclear apparatus and plant have necessi- 
tated the development of new types of instrument. These new 
instruments are either for radiation measurement or utilize 
radioactive radiations. 


Radiations from radioactive substances may consist of nuclear 
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particles («-particles, 8-particles, protons, neutrons and mesons » 
or very short-wave radiations (y-rays). Charged particles ee 
duce ionization or excitation of material through which the; 
pass and are normally detected by gas-ionization devices sucl | 
as ionization chambers, proportional counters and Geiger-|, 
Miiller counters. The scintillation counter is an alternativi: 
form of detector in which the charged particle impinges on do 
phosphor to give a flash of light. 

Most of these devices originated many years ago, and recen » 
development has been concentrated upon improvements it’ 
performance, such as the introduction of the self-quenching | 
Geiger—Miiller counter. The combination of a phosphor withy 
a photo-multiplier tube has made the scintillation counter ds 
most versatile radiation-measuring device, giving an output pull 
proportional to the energy of the incident particle. A particulai 
advantage of the scintillation counter is its very short resolving / 
time, which is usually less than 1 microsec, but depends upon the 
phosphor used. 

The problem of detecting uncharged particles (neutrons) il 
more difficult, and they can only be detected by causing them tc; 
interact with matter emitting secondary charged particles > 
Slow-neutron flux is normally measured with an ionizatior) 
chamber filled with boron trifluoride gas, or having electrodes> 
coated with solid boron and the chamber filled with hydrogen © 
The neutrons react with boron 10 nuclei producing «-particles) 
and charged lithium nuclei which cause ionization of the gas) 
There are two common forms of pulse-counting neutron detec « 
tors; the first is the boron-trifluoride-filled proportional counter. | 
and the second the fission counter in which neutrons cause fissior|” 
in a thin coating of uranium?**, The fission fragments caus¢|: 
ionization of the filling gas. Fast neutrons may be detected with) 
a fission chamber or from the ionization produced by recoi! 
protons due to elastic collisions in hydrogenous material.?>» 36 : 


The output current from an ionization chamber is usually 
measured with an electrometer d.c. amplifier, the complet 
instrument being termed a ‘ratemeter’. The amplifier is usually}: 
designed to have a logarithmic response. The output pulses) 
from counters are counted with a scaler similar to that mentioned 
in Section 7.6. When a particular radiation is being studied, 
problems arise due to the presence of other radiations which) 
give a background count. Discrimination is effected by making g 
use of the differing penetrating powers of the various forms of! 
radiation, and by the introduction of a pulse-amplitude dis- 
criminator which is simply a d.c. bias permitting pulses above a): 
certain level to be counted. The coincidence circuit is also}: 
useful in discrimination, permitting a pulse to pass only when 
actuated at the same time by different counters.37 Where the) 
electronic circuits associated with radiation measurement deal)’ 
with pulses, cold-cathode tubes are very suitable, particularly: 
in portable apparatus. They have the advantages of power!) 
economy, robustness and reliability, and sometimes economy in) 
components. 

The practical application of radiation techniques which is of | 
most interest to the engineer is the thickness gauge. The B-ray 
thickness gauge is now coming into general use for the measure- 
ment of thickness (or weight per unit area) of sheet materials 
such as paper, board, plastics, metals, etc. {-radiation from a’ 
radioactive isotope is directed towards a detector which measures, 
the strength of radiation. When a sheet of material is placed 
between the isotope and the detector, some of the radiation f 


absorbed, and the decrease in radiation is proportional to the 
weight per unit area of the material. The thickness of coatings: 
can be determined by measuring back-scatter. 

There is a limit to the depth of penetration of 8 rays, and se 
y-ray thickness gauge is a new device which functions with | 
moderately thick materials. Such gauges have been developed 
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‘for monitoring the thickness of hot steel strip in the range 
»0-05-0- 30 in.°° 


(6.2) Nuclear Magnetic Resonance 


A’precise method for the measurement of magnetic fields has 
‘been devised, based upon the phenomenon of nuclear magnetic 
sresonance.‘! 

Nearly all atomic nuclei possess spin and magnetic moments, 
sand in the presence of an external magnetic field the direction of 
spin precesses around the direction of the field. This pheno- 
“menon is known as the Larmor precession and occurs at the 
‘Larmor precession frequency. Each nucleus has a specific 
sconstant relationship between the Larmor frequency and the 
‘flux density of the applied magnetic field. Determination of the 
armor frequency enables the magnetic field strength to be 
measured with precision. The relationship is dependent upon 
the condition in which the nuclei are present, i.e. in elementary 
‘form or combined in molecules. For the proton in distilled 
/water B = 2-348 x 10-8f where f is the Larmor precession 
frequency in cycles per second and B is the magnetic field density 
ria webers per square metre. It can be seen that when 
}2=1Wb/m* resonance occurs at 42:85Mc/s, which is a 
«convenient radio frequency. 

In a practical instrument*? a proton sample of distilled water 
in a glass cell 1-2cm long by 0-5cm inside diameter is mounted 
with a small coil and inserted in the magnetic field to be measured 
with the axis of the coil at right angles to the direction of the 
‘field. Radio-frequency oscillations are set up in the coil, and 
‘when their frequency coincides with the Larmor precessional 
‘frequency of the protons, transitions occur which result in an 
\absorption of energy from the r.f. field. A weak magnetic field 
“varying at 50c/s is superimposed on the field being measured by 
‘inducing coils, and, by a suitable detector, the absorption in 
yenergy from the oscillator when the correct frequency is 


“reached is shown as a V-shaped dip in a horizontal c.r.o. trace. 


_ An alternative form of detection utilizes a second coil placed 
‘in a position of zero mutual inductance with respect to the 


)exciting coil and connected to a receiver. When the frequency 
| of the oscillator reaches the Larmor frequency there is radiation 
‘from the sample, and it is detected by the receiver. It is neces- 
/sary to keep the receiver tuned to the oscillator. 

An error of +0:2% is claimed for one instrument, but it 
‘is possible to reduce the errors to the order of one part in 10°. 
‘It is essential that the fields being measured are constant; non- 
‘homogeneity causes broadening of the resonance line, and the 
'tesonance becomes unrecognizable when the non-homogeneity 
over the sample exceeds 1 part in 500. 


(6.3) The Caesium Resonator 


The magnetic properties of an atom depend upon the angular 
momentum of the extra-nuclear electrons, their spin, and the 
magnetic moment of the nucleus. If atoms are passed through 
an alternating field at a particular frequency, there may be a 
change of energy state associated with a change in polarity of 
the magnetic dipoles. The full theory of this phenomenon is 
outside the scope of this review but is dealt with fully in the 
literature. The principle has been used by Essen and Parry*? to 
develop a new standard of frequency with an extemely high 
accuracy. 

The new standard consists of an evacuated tube with an oven 
2t one end containing a caesium source. A beam of caesium 
stoms emerges from a slit in the oven and passes through a 
© onstant deflecting magnetic field; the beam then passes through 
én exciting r.f. field superimposed upon a weak constant magnetic 
eld. If the frequency of the r-f. field is at the critical value, the 
ssagnetic polarity of some of the atoms is changed. This 
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change of polarity is detected by passing the beam through a 
second constant magnetic field which deflects those atoms which 
have undergone transition on to a detector. The detector is a 
tungsten wire heated to 1000°C, and the caesium atoms striking 
it are emitted as positive ions which are collected by a curved 
plate maintained at —20 volts relative to the wire. The current 
flowing is measured with the aid of a 10!9°-ohm resistor and a 
vibrating-reed electrometer amplifier. 

The resonance occurs at approximately 9192 Mc/s and has a 
frequency bandwidth at half-deflection of 350c/s. The peak can 
be set to about +1c/s, thus the frequency may be defined to 
within +1 part in 10!°. 

This resonator is used to calibrate quartz clocks and has the 
advantage that, once the exact frequency is determined in terms 
of the second of ephemeris time, it provides a standard inde- 
pendent of astronomical measurements. Compared with astro- 
nomical methods it is believed to give an improvement in 
accuracy of over 100 times when calibrating quartz clocks. 


(7) ELECTRONIC INSTRUMENTS 


Improvement in electronic instrumentation has been a notable 
development since the last review. The electronic instrument 
was previously a relatively crude and unreliable device, but it 
is now an indispensable laboratory tool. This metamorphosis 
has been brought about by the development of reliable com- 
ponents, and by a fuller understanding of the principles of 
negative-feedback amplifier design. 

The use of the transistor may lead to revolutionary changes 
in the design of electronic instruments, but it is too novel for a 
critical assessment of its effect upon electronic instrument design. 
It is safe to assume that it will eventually replace the thermionic 
valve in many instruments.°? The possible advantages arise 
from the very small physical dimensions and low power con- 
sumption, which may result in a substantial reduction in instru- 
ment size. Existing electronic instruments are usually bulky 
devices, dissipating appreciable power. 

Printed-circuit techniques are now common in mass-produced 
electronic apparatus, and these techniques are being adopted 
in the relatively small-batch production of some electronic 
instruments. 


(7.1) Direct-Current Amplifiers 


(7.1.1) D.C. Amplifiers for Low-Resistance Input Circuits. 


A wide variety of scientific measurements require the amplifica- 
tion of small d.c. signals which may originate from low-resistance 
sources such as thermocouples or thermopiles. The design of 
suitable electronic d.c. amplifiers for these purposes is a difficult 
problem owing to the difficulties in eliminating drift. For many 
purposes adequate performance can be achieved by the con- 
struction of balanced amplifiers with the valves arranged in 
long-tailed pairs, but this is not feasible if high levels of gain 
are required. The output signals from low-impedance sources 
such as bolometers are only of the order of microvolts. Present 
practice converts the d.c. input signal to a low-frequency a.c. 
signal by means of motor-driven contactors. The a.c. signal is 
then amplified and re-converted to a d.c. signal by a synchronized 
contactor at the output. Commercial amplifiers using this 
principle are available which will detect 0:01j.V, and which 
will not drift more than 0-01p:V over 24 hours. The contactors 
have gold-alloy contacts, are surrounded by high-permeability 
alloy screens, and are actuated at frequencies between 8 and 
80c/s by motor-driven shafts. When dealing with larger signals 
in the region of several hundred microvolts, the contact modula- 
tion technique is also used, but at these levels the contactor may 
consist of a vibrating reed.*4 47 
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These contact-modulated amplifiers are restricted to d.c. 
signals and very low-frequency a.c. signals. In many applica- 
tions the requirement is for an amplifier having a wide frequency 
response extending down to zero frequency. This requirement 
is met by the drift-corrected direct-coupled amplifier. In this 
device, a point is chosen on an output network in a direct- 
coupled amplifier; it will have the same potential as the short- 
circuited input terminals in the absence of drift in the amplifier. 
The potential difference between these points and the input 
terminal is continuously monitored by an auxiliary-contact 
modulated amplifier which injects a correcting signal into the 
main amplifier. The zero drift can be reduced to a few micro- 
volts per hour, as opposed to about 1 mV for the normal balanced 
amplifier. 

An alternative approach to the problem of wide frequency 
range coupled with d.c. response has been suggested by Bucker- 
field,4> who has developed a contact-modulated amplifier con- 
nected in parallel with a wide-band a.c. coupled amplifier. 


(7.1.2) D.C. Amplifiers for High-Resistance Input Circuits. 


The measurement of small direct voltages in high-resistance 
circuits necessitates the use of a d.c. amplifier with an extremely 
high input resistance. Electrometer valves have been in use in 
the input stages of such amplifiers for many years. These 
electrometer valves have long been available having grid currents 
as low as 10~!5amp, and they are now constructed in double 
form using a common cathode in order to minimize drift. A 
typical balanced arrangement might drift about 100uV in 
several hours. A more recent development is the subminiature 
electrometer triode. This has a grid current of about 10~!3amp, 
which is sufficiently low for a wide variety of instrument appli- 
cations, notably in pH work. Its small size and low power con- 
sumption have led to notable design improvements in pH-meters. 

The electrometer pentode—an indirectly heated valve with a 
grid current of less than 10~!!amp—is now extensively used in 
commercial direct-indicating pH-meters. 

The measurement of very small currents from ionization 
chambers is of importance in nuclear physics. The procedure 
is to pass the current through a high resistance and then measure 
the potential difference across the resistor with the aid of an 
electrometer amplifier. Resistors are now available with resis- 
tances up to 10! ohms, having a stability at room temperature 
of better than 2% per month. These resistors are normally 
vacuum-sealed in glass, and surface leakage is minimized by 
coating the glass envelope with a water-repellent silicone resin. 

The vibrating-reed electrometer is an alternative to the electro- 
meter valve for measurements in high-resistance circuits.59 5! 52 
The direct voltage to be measured is applied through a high 
resistance to a small capacitor, one plate of which is subjected 
to continuous mechanical vibration by a solenoid energized with 
alternating current. Owing to the alterations in capacitance, an 
alternating voltage appears across the plates of the capacitor, 
and this voltage may be amplified by an a.c. amplifier. The 
input resistance can be very high, but some difficulty has been 
encountered in the past in maintaining zero stability owing to 
variations in the contact potential between the plates. This 
difficulty has now been overcome, and these vibrating-reed 
electrometers are now available commercially with input resis- 
tances up to 10!° ohms, and with a zero stability of about 10uV 
in 2 hours. The stability is claimed to be about 10 times that of 
the best electrometer-valve arrangement. 


(7.2) High-Resistance Measurement 


High resistances are measured conventionally by applying a 
high voltage from a battery to the specimen, and then measuring 
the current with a sensitive galvanometer. This form of measure- 
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ment can now be effected by an electronic instrument whicl/\) 
supplies the necessary test voltage and indicates the value 0% 
resistance on a meter. The range of the instrument is fron) 
3 x 105 to 2 x 10!3 ohms. The test voltage, at either 85 01%) 
500 volts, is obtained from an electronically stabilized mains i 
operated power unit, and the leakage current is measured by | 
passing it through a stable high-value resistor. The potentia) 
difference developed across the resistance is amplified by ar © 
electrometer amplifier provided with overall negative feedback) 
The output from the amplifier actuates a meter calibrated ir} 
resistance values. | 
It is probable that this type of instrument will be the basil 
of future laboratory insulation measurements. There are three? 
major difficulties in such a design which appear to have beer 
satisfactorily surmounted: a high degree of stability must be’ 
achieved in the high-voltage supply, particularly when measuring!" 
resistance in the presence of large capacitance; the d.c. amplifier) 
must have a high input resistance, be drift free, and stable in®) 
gain; and the high-value measuring resistor must be stable. {) 


(7.3) Cathode-Ray Oscillographs | 
The most important development in this field is probably the) 
post-deflection acceleration tube. The electron beam passes) 
through the main accelerating electrostatic field after the X and> 
Y deflecting plates; as a result a very high deflection sensitivity / 
is achieved, coupled with a high writing speed. In one design 
the accelerating field is obtained by means of a close-pitched) 
helical track on the body of the tube. Tube sensitivities as high 
as 1cm/volt are attainable. The high sensitivity of these se 


simplifies the design of the associated amplifiers and has resulted 
in a marked improvement in oscilloscope performance. On 
commercial model now has a bandwidth from zero frequency to 
30 Mc/s, with a sensitivity of 0-05 volt/cm, and a rise time of 
12 millimicrosec, a performance invaluable for the study of 
transient phenomena at low signal levels. 

Continuous improvements have been effected in tube construc- 
tion in order to improve linearity, and measuring oscilloscopes‘ 
now have flat ground and polished faces. 

The measurement of the high-voltage transients occurring in 
the surge testing of electric power equipment is now generally} 
carried out with sealed cathode-ray tubes operating at about 
10kV, as distinct from the earlier continuously evacuated tube.’ 
The signal level in such measurements is high, and the maximum): 
recording frequency is determined by the tube resolution. In 
existing commercial models the upper frequency limit is about) 
100 Mc/s, the ultimate resolution obtained on a photographic: 
record being about 0-6 millimicrosec. | 

The method of delineating a recurrent waveform by the) 
measurement of its instantaneous value at different points during |: 
recurrences is well known. The recent application of electronic!) 
techniques to this principle has resulted in the development of a} 
cathode-ray oscillograph for monitoring high-speed recurrent 
waveforms. The instrument will display without distortion) 
recurrent waveforms having frequency components up to. 
300 Mc/s and amplitudes as small as 0-1 volt. The shortest 
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time-scale has a length of 0:05 microsec. 


(7.4) Valve Voltmeters 


The conventional form of valve voltmeter consists of a diode 
probe associated with a d.c. amplifier. The upper frequency 
limit is determined by the probe design and now approaches. 
1000 Mc/s. It is customary to use miniature vacuum diodes. 
in the probe, but crystal diodes are also employed. In the past, 
one difficulty with valve voltmeters has been due to valve drift; 
this can be substantially reduced by the use of double valves with 


sommon heaters in a differential connection. This technique is 
ow generally applied in valve voltmeters, both in the vacuum 
fiode probe and the following d.c. amplifiers, and recent designs 
are almost entirely drift-free. 

Sensitive valve voltmeters for use at lower frequencies have 
n developed in which the signal is amplified by a stable 
negative-feedback amplifier and indicated on a meter provided 
ith crystal rectifiers. 

The in-phase component of an unknown voltage can be 
measured by applying it to one coil of a wattmeter movement 
nd supplying the other coil from a reference voltage. The 
quadrature component can then be measured by rotating the 
reference voltage through 90° by a phase-shifting network. This 
echnique is well known, but a new phase-sensitive voltmeter 
as been introduced in which the wattmeter movement is 
upplanted by two thermocouple wattmeters, each actuated by 
an electronic amplifier. The two components are simultaneously 
idisplayed, and a typical instrument covers a frequency range of 
20c/s-20kc/s, with voltage ranges of 15mV-15 volts. The input 
impedance is high, and the device is suitable for measurement of 
ithe transmission characteristics of networks and amplifiers. 


(7.5) Impedance and Phase-Measuring 


The phase angle between two equal voltages is given by 
‘Vp = 2V, cos d/2, where Vr and V, are the sum and component 
voltages respectively. If two voltages differing in phase are 
(adjusted to equality in magnitude by means of variable-gain 
ramplifiers, and the sum indicated on a rectifier-type instrument, 
‘the instrument can be calibrated in phase angle. This principle 
thas been used in some recently developed phase-meters which can 
mmeasure the phase angle between two voltages differing con- 
wsiderably in magnitude over a frequency range of 2c/s—100kc/s. 

The principle of the phase meter has also been used in the 
jimpedance-angle meter, which measures impedance and phase 
vangle of electrical networks over a range of 3-500000 ohms and 
-+90°. An alternating voltage is applied to the unknown 
‘impedance in series with a variable calibrated resistor, and the 
(potential difference across each is measured by a valve voltmeter. 
‘The resistor is adjusted until both are equal, and the unknown 
‘impedance is then equal in magnitude to the value of the resistor. 
The phase angle is measured in a manner similar to that used in 
‘the phase meter. The frequency range is 30c/s—20kc/s, with an 
vaccuracy within +2% and +2°. 


(7.6) Scalers, Timing and Frequency-Measuring Devices 


The so-called particle counters used in the detection of radio- 
‘active radiations are actually detectors which give a series of 
‘voltage pulses related to the strength of the incident radiation. 
‘The output from these devices is sometimes fed to a counting 
‘device termed a scaler, which indicates the total number of 
pulses reaching it. The high counting speed necessary is 
achieved with electronic circuits, and the display is normally in 
digital form, the numbers being illuminated by miniature neon 
tubes. The resolution time of such scalers is about 1 microsec, 
and a 6-unit display will give a count up to 10°. 

The scaler, in a modified form, can readily be used for precise 
feequency measurement by incorporating gating circuits actuated 
from a crystal-controlled oscillator. The gating circuits switch 
ea the scaler for a precise time-interval, and the number of 
excles of the test frequency occurring in that interval is counted. 
Sampling times between 0:01 and 10sec give an overall frequency 
r nge of 10c/s-1 Mc/s with an error of 1 count. Small time- 
intervals can be measured with a high precision by running the 
saler from a 1 Mc/s crystal oscillator and starting and stopping 
‘-€ count by externally derived pulses. 
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The Dekatron,>° a scale-of-ten gasfilled cold-cathode counting 
tube introduced some years ago, is useful for counting fre- 
quencies up to about 4kc/s. It is understood that later forms 
of this device operate at frequencies up to 20kc/s. A single 
Dekatron will give a succession of output pulses at one-tenth of 
the input frequency, thus acting as a simple frequency subdivider. 
This property has been used by one instrument manufacturer to 
derive a range of time-marking intervals for oscillographic 
records from an electrically maintained fork. 

Many forms of time-interval measurement, notably those 
associated with relay timing, fuses and switch operation, do not 
require a high degree of accuracy, but the interval to be measured 
may be a few milliseconds. This class of measurement is ade- 
quately effected by electronic time-interval meters based upon 
the measurement of the charge accumulated in a capacitor 
during the interval. Typical ranges of existing commercial 
instruments are O-4millisec to 10sec, and 0-40 microsec to 
10 millisec with an error between +1% and +5%%.°8 


(7.7) Wave Analysers 


The heterodyne wave analyser covering the range 16 c/s—16 kc/s 
has, until recently, been the only satisfactory instrument in this 
field. Since it operates with a constant bandwidth of about 
4c/s, its performance falls off at the low-frequency end of the 
range. 

The study of mechanical vibrations has become of con- 
siderable importance in recent years. An analyser for this work 
must deal with very low frequencies of the order of a few cycles 
per second. In addition, the frequencies may fluctuate appre- 
ciably, and the waveform may contain several unrelated com- 
ponents differing only slightly in frequency. The Pametrada 
(Parsons and Marine Engineering Turbine Research and 
Development Association) wave analyser has been developed 
to meet this requirement, and it operates on a different principle 
from the heterodyne analyser. It uses selective amplifiers which 
are tuned by RC networks to the frequency of the selected wave 
component, its magnitude then being indicated on an output 
meter. It is, in effect, a tunable filter with a range of 19c/s— 
20kc/s, which can be extended down to 2c/s. The particular 
advantage of this arrangement is that it offers a constant per- 
centage bandwidth at all frequencies, as compared with the 
constant bandwidth of the heterodyne analyser. This difference 
is rather important when dealing with low frequencies. 

Simplified forms of the Pametrada analyser have been 
developed which are particularly useful as bridge detectors in 
cases where there is appreciable harmonic content in the bridge 
output. 


(8) ELECTRICAL APPARATUS FOR MEASURING 
NON-ELECTRICAL QUANTITIES 


(8.1) Electrochemical Measuring Instruments 


The pH-meter is the most common electrochemical measuring 
instrument. The design of this instrument has undergone some 
improvements, such as the introduction of the sub-miniature 
electrometer valve. This has resulted in an increase in the input 
resistance and a reduction in the power consumption. Direct- 
reading pH-meters with automatic temperature compensation 
are now fairly common and are made with an error as low 
as +0-02pH. The usual technique bases the design upon a 
balanced single or multi-stage d.c. amplifier, using an indirectly 
heated electrometer pentode at the input. 

A development arising from these instruments is the automatic 
titrimeter for the automatic performance of routine titrations 
in the laboratory. The required pH-value is set by a dial on 
the instrument, and the difference between the setting and the 
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signal from a glass electrode system in the solution actuates a 
solenoid-operated tap in the burette, which is closed when the 
end-point is reached. 

Automatic coulometric titrimetry is a technique which has 
aroused interest.°! In this process an electric current is passed 
through a solution to liberate ions, which are then used as the 
reagent. In a typical application a solution of Na,SO4 is 
electrolysed and converted into H,SO4 and NaOH. The H,SO,4 
is used as the titrant. The actual quantity of acid used can be 
measured in terms of coulombs, since it is directly proportional 
to the current passed through the cell and to the total time of 
electrolysis. In practice, the reagent is fed into a coulometric 
cell, where electrolysis takes place. There is an outlet tube at 
each end of the cell, sealed with a sintered glass disc in which is 
incorporated a fine wire to form the anode or cathode. One 
outlet tube delivers H,SO, into the test solution. The number of 
coulombs passed is integrated by a motor fitted with a cyclic 
counter. The operation can be entirely automatic, and the tech- 
nique is claimed to be particularly useful in micro-titration. 

The technique of chemical analysis known as polarography 
depends upon the fact that the application of a slowly changing 
direct potential between two electrodes in a solution will cause 
each element in the solution to plate out at the characteristic 
potential termed the ‘half-wave potential’. The electrode current 
rises in a series of steps, and the height of each step is related to 
the concentration of its associated element. Contamination of 
the electrode surfaces is avoided by the use of dropping-mercury 
electrodes. Existing polarographs apply a rising direct potential 
to the electrodes, and the electrode current is recorded. A 
variety of recording methods are in use, some instruments giving 
ink records and others photographic records. The cathode-ray 
oscilloscope is also used. Recent developments have been con- 
centrated upon improving the definition of these instruments by 
recording the derivative of the current/voltage curve. A discus- 
sion of the relative merits of the latest techniques will be found 
in Reference 63. 


(8.2) Electro-Medical Apparatus 


Certain electro-medical techniques, such as electro-cardio- 
graphy and encephalography, have been weil established for 
many years. The introduction of electronic amplifiers into this 
field has led to the development of direct ink-writing instruments 
as an alternative to photographic types. The recorders for some 
of these applications must be able to respond to frequencies in 
the region of 50c/s. One type of direct-writing pen recorder 
suitable for these frequencies uses a dry electrolytic paper, which 
is marked by the passage of electric current from the pen. 
Another has a heated-wire loop moving in proximity to a wax- 
coated paper, the heat melting the wax and exposing the black 
backing. 

The ability of the cathode-ray oscilloscope to give two-dimen- 
sional displays has led to the technique of vector cardiography, 
in which the signals from electrodes are simultaneously applied 
to the X and Y plates, giving a vector loop. The method is 
claimed to have diagnostic advantages. 

The dye-dilution curve recorder is a new instrument. In this 
device cardiac output is determined by injecting a dye into the 
blood stream and recording the dye concentration as it passes 
through the capillaries of the ear. The sensitive element con- 
sists of two photocells and a light source which are attached to 
the lobe of the ear. The photocells are mounted side by side, 
one being sensitive to infra-red and the other to red rays. 

Medical applications of the pH-meter have been extended by 
the introduction of special glass electrodes for determining the 
pH-value of soft tissues such as brain tissue. Another type of 
glass electrode, together with the reference electrode, can be 


swallowed in order to measure the pH-value of the stomach 
content. 
(8.3) Temperature-Measuring Apparatus 


A new design for a platinum resistance thermometer with ati 
stability of +0-001°C has been introduced by Barber. A iy 
strain-free construction has been adopted, the resistance elemen)» 
consisting of a helix of 0-05mm platinum wire mounted in 
fine tube which is then bent into a hairpin form and enclosec 
in an outer sheath of 6mm diameter. The whole thermometer) 
is filled with dry air and hermetically sealed. The lag constan); 
is S5sec and the normal temperature range is from —180 tc 
+600°C. 

The high performance of this thermometer, together with 
demands for increased accuracy in the maintenance of the 
International Temperature Scale, has necessitated the develop: 
ment of an improved Smith bridge type 3. For platinum® 
resistance thermometry the Smith bridge type 3 appears tc © 
provide the most satisfactory measurement process. This arises 
from the inherently high operating speed, and because it is the 
only bridge which will permit measurements to be made to an © 
accuracy within 0:0001°C with a single setting of the dials. The) 
new bridge utilizes the special strain-free resistances referred to) 
in Section 2.1 and is temperature-controlled at 27°C by circulating})) 
air.6> It has been suggested that the adoption of a modified 
circuit due to Gautier®® would lead to further improvement. 

In general, only minor detail improvements have been made): 
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in optical and radiation pyrometers. Special lamps with | 
optically flat faces on the glass envelope are now available for) 
use in optical pyrometers, resulting in considerable improvement 
in calibration. 

Temperatures below 1000°C can normally be measured wit 
the aid of thermocouples, but in some cases a radiation pyro-}' 
metry technique is preferable. The use of a lead-sulphide 
photo-conductive cell permits radiation measurements to be 
carried out at temperatures as low as 120°C. These cells have}: 
a peak response in the region of 2:5 microns; they are ratheri! 
unstable, however, and it is necessary to chop the incident; 
radiation and use a tuned amplifier to obtain reasonable repro-" 
ducibility and sensitivity. In an instrument developed by Barber!) 
and Pyatt®® the radiation from the test surface is compared with) 
that from a lamp at a comparatively high temperature behind i 
an absorption screen, the lamp current being adjusted until the I 
two are equal. 

A particularly interesting application of the lead-sulphide ce. 
is due to Parker and Marshall,®’ who have successfully used itl 
for the measurement of the surface temperature of rotatiaay 
brake-drums during braking. In particular, the small response- | 
time of these cells, of the order of a few microseconds, assists!! 
this work, since it enables rapid variations of surface temperatures 
to be displayed on the screen of a cathode-ray oscilloscope. The 
technique can clearly be extended to the measurement of the 
temperature of any moving surface. 

The thermistor has been previously referred to, in Section 3.1. / 
The small sizes available, and the high sensitivity of this material, | 
has led to its use in many temperature-measuring applications. 
Temperature changes as little as 0-001°C may be readily | 
detected with simple auxiliary apparatus. Tiny beads of this! 
material have recently been used for measuring the oe 
inside the buds of growing plants. 


(8.4) Civil and Mechanical Engineering Applications 


Some applications in this field have already been dealt with in 
previous Sections; in particular the measurement of thickness by 
radiation has been described. Radiation sources are also used 
extensively for the equivalent to X-ray examination of welds in’ 
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pipes, and in the examination of prestressed-concrete structures 
vor cavities. 

The electrical-resistance-wire strain gauge is now in general use 
d has proved to be invaluable in all structural work. All the 
lier gauges consisted of fine wire grids affixed to paper backing, 
ut in recent years a new type of gauge has been introduced con- 
sisting of a metal-foil grid on an epoxy-ethylene backing. A 
printed-circuit technique is used in the construction of this 
auge. The new gauge is somewhat larger than the wire gauges, 
out a wide variety of gauge forms is possible, and the maximum 
perating current is higher. Many weighing and _ pressure- 
measuring devices have been developed based upon the resistance 
strain gauge. Much attention is being given to the problem of 
measuring strain at elevated temperatures. 

The technique of flaw location by ultrasonics is now well 
established, and this technique has been extended to the measure- 
ment of the density of concrete by measuring the velocity of 
propagation of ultrasonic waves through known thicknesses of 
he material. The density of concrete is related to its mechanical 
strength. 

Small mechanical displacements are now generally measured 
yy either inductance or capacitance transducers. An extremely 
iigh sensitivity can be obtained with such devices,’> and a useful 
review of this field has been given by Woodcock.’7 


(9) FUTURE TRENDS 


There will undoubtedly be a further expansion in the field of 

‘electronic instrumentation, and efforts will be directed towards 
improvement in the general reliability of electronic devices. 
_. The multiplicity of instruments now used in experimental 
work introduces a serious space problem, and it is desirable that 
jefforts should be made to effect a substantial reduction in instru- 
yment size without sacrifice of performance. The transistor may 
venable this to be done in the case of electronic instruments. 

Automatic measuring and indicating instruments are common 
un industrial process work, and in some cases an error of the 
order of 0-1°% is attainable. Some recent industrial instruments 
idisplay the measured quantity in digital form, which can give a 
ivery high reading accuracy. It is probable that this technique 
“may be generally extended to laboratory instruments; self- 
‘balancing a.c. bridges have already been constructed for routine 
network analysis. This may be of importance where the read- 
‘ings are made by semi-illiterate operatives in under-developed 
‘countries. 
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SUMMARY 


_ The paper describes experiments to determine the preferred viewing 

listance for a number of different types and sizes of picture, including 
105-line and 625-line monochrome television and a 405-line colour 
velevision picture, all with varying bandwidths. The criterion ‘pre- 
werred viewing distance’ proved to be surprisingly consistent and 
epeatable, and the results obtained indicate that, unless some new 
development such as receiver picture storage improves matters, the 
resent European standards of television are wasteful of bandwidth. 
yarious methods of using this surplus bandwidth are discussed. The 
‘nvestigation also covered the use of spot-wobble on the 405-line 
elevision picture and two television scanning innovations—‘synchro- 
‘cus spot-wobble’ and ‘sampled synchronous spot-wobble’. 


LIST OF SYMBOLS 


_ V = Chosen viewing distance. 
_ H = Height of picture as viewed. 
A = Area of picture as viewed. 
_V/H = Ratio of viewing distance to picture height—a criterion 
of picture quality. 
f = Video-frequency bandwidth of luminance channel. 
N = Number of lines. 
o« = Standard deviation of observations (expressed as a per- 
centage of mean). 
S = Circle of confusion of projected image. 
Y = Projector-lens—screen distance for ‘sharp’ focus. 
X = Distance projector is pulled back from sharply focused 
position. 
¢ = Angle subtended by incident beam from projector on to 
sharp image plane. 
« = Parameter relating to the design of low-pass filters (from 
Reference 4). 


(1) INTRODUCTION 


The present investigation arose directly as a result of the 
‘C.C.LR. Colour Tour (Spring, 1956). Ona number of occasions 
‘formal demonstrations of colour television were given, with the 
‘front row of the audience at about 12 times the picture height 
from the displays. At this distance it is easily estimated from 
previous work! that something less than 1 Mc/s luminance band- 
width is sufficient to satisfy the average observer. A 405-line 
N.T.S.C. type colour-television picture was set up with a fully- 
corrected luminance channel of 0-75Mc/s, and a team_ of 
‘@Lservers were invited to choose where they should sit to view 
ths. Their average viewing distance was 13:2 times the picture 
height, and indeed, at this viewing distance, the picture was 
“ite acceptable. For a 2:25 Mc/s luminance channel they chose 
7-7 times the picture height. The behaviour of the observer 
te,m in carrying out this simple task was so consistent and 
rm eatable that it was decided to extend the investigation. 
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Colour transparencies and films were projected at various picture 
sizes and degrees of ‘sharpness’. 405-line and 625-line closed- 
circuit monochrome television systems were tested with various 
video-frequency bandwidths. The 405-line experiments included 
variations of spot-wobble and synchronous spot-wobble,!»? which 
produced considerable improvement in picture quality. 


(2) OPTICAL-PROJECTION EXPERIMENTS 


The object of the optical-projection experiments was to obtain 
general viewer reaction, in terms of chosen viewing distance, to 
pictures of different sizes and degrees of sharpness. Four matt- 
white 4 : 3 viewing screens were used, 9, 13, 18 and 26in high, 
i.e. a ratio of approximately 2:1 in area between each size. 
Brightness was kept constant between the different picture sizes 
by placing suitable neutral filters over the projector lens. Picture- 
highlight brightness was kept in the region of 20 ft-lamberts. The 
experiments were carried out in a darkened room approximately 
26ft x 12ft, and with some low ambient lighting which did not 
spoil the contrast in the projected picture. The observers were 
dealt with one at a time and the tests were carried out in a 
reasonably random order. The observers were not told anything 
about the test conditions; they were merely asked to take a chair 
and sit where they would most like to view the picture. They 
appeared to have no difficulty in carrying out this task in a few 
moments, and the distance from their eyes to the screen was then 
measured. Relevant technical details are given in Section 8. 

Two basically different types of experiment were carried out. 
The method of the first series is shown in Fig. 1 and the results 
are given in Fig. 2. The basic principle of the second series is 
shown in Fig. 3 and the results in Figs. 4 and 5. In all these 
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Fig. 1.—Optical projection of pictures of equal sharpness and different 
sizes by proportionate defocusing. 
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Fig. 2.—Viewing distance chosen for optically-projected pictures of 
different size and equal sharpness. 


@ ‘Sharp’ projection. — 
x ‘Defocused’ projection. 
Each point is the mean of nine observers viewing four 35 mm colour transparencies, 
i.e. equivalent to 36 observations. 


PROJECTED 
PICTURE 
| HEIGHT 


Fig. 3.—Optical projection of pictures of known relative sharpness, by 
displaying measured parts of the image. 


experiments nine observers were used and four colour trans- 
parencies were projected, so that each point plotted in Figs. 2, 4 
and 5 represents the average of 36 individual observations. 

In the first series of experiments the colour transparencies 
were projected sharply focused on to the four screens. They 
were then projected defocused by a given amount, using the 
method shown in Fig. 1. The projector was sharply focused on 
the screen and then pulled back a predetermined amount. A 
rough estimate was made of the distance which the projector had 
to be pulled back to give a picture comparable with the above 
405-line colour-television picture. Various methods were tried, 
including calculation of the circle of confusion and the use of 
resolution charts. The most satisfactory method appeared to be 
direct comparison of pairs of matched colour transparencies, one 
of which was projected and defocused by the method of Fig. 1 
until it resembled the other transmitted via the colour-television 
system. Results obtained with the viewer test are given in 
Fig. 2, and they show quite clearly that, for constant picture 
sharpness, the viewers moved proportionately farther away as 
the picture size was increased. For the sharply focused colour 
transparencies they chose to view at 4-1 times the picture height, 
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Fig. 4.—Viewing distance chosen for optically projected pictures on 
different size, sharpness being proportional to picture height. Te 


@ ‘Sharp’ image projected 26 in high. | ; 
x ‘Defocused’ image projected 26 in high. , cy 
A ‘Sharp’ image projected 55 in high (one-quarter normal brightness). 

© ‘Sharp’ image projected 26 in high (one-quarter normal brightness). 


if 

Each point is the mean of nine observers viewing four pictures, i.e. equivalent tanh 

36 observations. ; | } 
Equation of a...ais V = constant. 
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- . 
@ ‘Sharp’ image projected 26 in high, ‘2 
x ‘Defocused’ image projected 26 in high. A 
A ‘Sharp’ image projected 55 in high (one-quarter normal brightness). ; 
© ‘Sharp’ image projected 26 in high (one-quarter normal brightness). E . 
@ ‘Sharp’ image projected 13 in high (four times the normal brightness), : 


( 


Each point is the mean of nine observers viewing four 35 mm colour transparencies | 


equivalent to 36 observations. 


[J 16mm original colour film projected 26 in high (nine observers). 
Slope of lines through experimental points is H(V/H)'+23 = constant. 
Equation of a... ais H(V/H) = constant. 

Picture area A = 4/3H2 square inches. 
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erespective of size. For the defocused pictures they chose 
Hi-8 times the picture height (compared with 7-7 for the 405-line 
jolour-television picture). Both these experiments show the 
tonstancy of the ratio of viewing distance to viewing height, 
”/H, for a given degree of picture sharpness, and the difference 
yetween the two experiments shows quite clearly that viewers 
_ vill make good use of an increase in sharpness by sitting closer 
_o the picture. 

_' The second series of experiments were aimed at obtaining the 
yorrelation between the viewing distance and the picture sharp- 
aess. The results obtained in the first experiment showed a very 
»onsistent behaviour towards pictures with two different degrees 
‘ks sharpness, but the method did not lend itself to a very accurate 
“assessment of the relative sharpness of the pictures used. The 
nethod of Fig. 3 was therefore devised in an attempt to obtain 
securate relative assessment of picture sharpness and correlate 
it with observer reaction. Fig. 3 shows a screen of. height 
smaller than the image projected, placed in the image plane so 
hat the observer only sees part of the picture. It is assunied 
hat the sharpness of the projected image is the same all over, 
iad then the sharpness of the picture as viewed will be directly 
»roportional to the height H of the picture. By this procedure 
iiferent amounts of the actual picture were displayed, exactly 
on the lines of Fig. 18 in an earlier paper.* The observers were, 
™ fact, being offered a picture of constant sharpness per unit 
area and of increasing size. For constant acuity of vision, 
therefore, they should choose to sit at a constant viewing distance 
Yer all picture sizes. This means that the experimental results 
when plotted in Fig. 4 would be expected to have the slope shown 
iby the dotted linea...a. In fact, as can be seen in every case, 
they were slightly inclined to this, the observers moving quite 
consistently a little farther away from the larger pictures despite 
he constant sharpness per unit area. Three different projected 
image sizes were used in these experiments, 13, 26 and 55in high. 
‘The defocused condition of Fig. 1 was also used, projected 26in 
thigh, and changes in brightness were also investigated. Some 
‘original 16mm colour film was projected 26in high. The data 
are plotted in terms of V/H in Fig. 5, from which it can be seen 
hat all the experiments produce practically a straight-line 
arelationship on the log/log scales, the power of the law connecting 
1H and V/H being —1-23. The line a...a from Fig. 4 is 
‘shown replotted. This, of course, has a —1 power relationship. 
‘These powers become —2-46 and —2 if the relation between 
|V[H and picture area is taken. (Picture area is shown plotted 
yon the right-hand side of Fig. 5.) In equating this diagram to 
ithe television experiments to follow, picture area can be taken as 
‘being directly proportional to video-frequency bandwidth. 

As expected from the earlier work!,a change in brightness over 
‘the range 5-80ft-lamberts has only a second-order effect on 
‘apparent picture sharpness, measured in terms of V/H. From 
Fig. 5 an increase of 4 : 1 in brightness would appear to produce 
an increase of about 10% in V/H. The previous work showed 
an increase in acuity of about 22% in the observers for an increase 
in brightness of 10: 1 in the range 1-100ft-lamberts highlight 
brightness. 

One discrepancy in these experiments requiring further 
investigation is the fact that, although the 55 and the 26in high 
conditions behave consistently within themselves and give lines 
of sensibly equal slope, their relative positions in the diagram are 
rot as would be expected. From the previous experiment of 
Fig. 2 it would be expected that the image 55 in high viewed on a 
sereen 26in high would give sensibly the same value of V/H as 
te 26in image of 4 brightness viewed on the 13in screen. 
The values of V/H for these two conditions are almost exactly 
“ and 6, respectively. On the other hand, the image projected 
iin high and viewed on the 13 and 9in screens is in very good 
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agreement with the 26in data, making due allowance for the 
brightness difference. 

Only two points are available for the 16mm colour projection, 
and taken by themselves they indicate a higher slope for the line 
passing through them. 


(3) TELEVISION EXPERIMENTS 


The same procedure of nine observers viewing four pictures 
was carried out with 405- and 625-line closed-circuit television 
systems. A 35mm monochrome slide scanner for 405- and 
625-line scanning with a 21in display monitor was used and a 
35mm colour slide scanner for a 405-line version of the N.T.S.C. 
system already referred to in the Introduction. The picture in 
this case was displayed on a 21lin tri-colour tube operating from 
a receiver modified to British standards. The signal from the 
flying-spot scanner was fed in on a 45 Mc/s r.f. carrier. The 
viewing monitors were set up in the room used for the optical 
experiments with the picture in approximately the same position. 
The same four colour slides were used in all the tests. 

An experimental 405-line 44in image-orthicon camera chain 
was also tested using a 17in rack-mounted monitor in the 
laboratory. This had receiver spot-wobble, synchronous spot- 
wobble and sampled synchronous spot-wobble available,” and 
tests were made under all the conditions of operation. In 
making their observations on this equipment the viewers had to 
stand in the laboratory. Four pictures were used, but, in this 
case, they were 10in x 8in black-and-white transparencies 
illuminated from behind. The type of subject-matter was very 
similar to that used in the optical and slide scanner tests. 

Three fully-corrected low-pass filters were used to limit the 
video-frequency bandwidth of the television systems during 
certain of the tests. These filters had bandwidths of 3-0, 1:5 
and 0:75Mc/s. Details of their characteristics are given in 
Table 1. The maximum bandwidths of the monochrome flying- 


Table 1 


CHARACTERISTICS OF LOW-PASS FILTERS 


Filter bandwidth First zero 


6dB ; 
attenuation point 


Mc/s 
3-45 
1bS7f5) 


spot and 44in image-orthicon equipment were greater than 
7 Mc/s. The luminance channel of the flying-spot colour equip- 
ment was limited to 2:25Mc/s, i.e. cut-off at sub-carrier 
frequency. 

In all these television tests great care was exercised to ensure 
that the receiver displays were interlacing properly. Further 
relevant details of the tests are given in Section 8. 

The results of all the tests with the monochrome equipment 
using simple 2 : 1 interlaced scanning at the four different band- 
widths are given in Fig. 6. It should be noted that the 0-75 Mc/s 
point for the 625-line system gives V/H > 18, which is greater 
than the length of the room available. Attention should be paid 
mainly to the individual experimental points themselves and not 
to the curves which have been drawn through them. As in the 
optical experiments, each point represents the average of nine 
observers looking at four pictures, and it can be seen that the 
repetition accuracy is again quite high. Some of the repeat 
experiments were carried out with a lapse of several weeks. There 
is also good agreement in the 405-line tests between the flying- 
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Fig. 6.—Ratio of viewing distance to picture height chosen for 405- and 
625-line monochrome television pictures of different bandwidths. 


@ 405 line 44 in I.O. camera. 

xX 405 line flying-spot 35 mm slide scanner. 

@® 625 line flying-spot 35 mm slide scanner. 
Each point is the mean of nine observers viewing four pictures—36 observations. 
Equation of common tangent line is (V/H)2*1-23 = const = 260. 


spot scanner and the 44in image orthicon equipment, although 
the flying-spot equipment is slightly superior. 

Unlike the optical experiments, the television tests do not result 
in straight lines of constant slope on the log/log plot. The work 
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WIDTH TO HEIGHT RATIO OF FIGURE OF CONFUSION 


Fig. 7.—Sharpness of small-sized motion pictures as a function of the relative values 
of horizontal and vertical resolutions (reproduced from Reference >): 


The conventional field of view is a rectangle whose height is one-quarter the viewing distance and whose 
Each point represents 150 observations at a viewing distance of 30 in. 


width is four-thirds the height. 
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THE RELATION BETWEEN PICTURE SIZE, VIEWING DISTANCE AND PICTURE QUALITY 


of M. W. Baldwin5 on picture-reproducing systems, in which the ~ 
ratio of vertical to horizontal resolution was varied, showed 2)> 
marked maximum for the condition where resolution is equal in|: 
the two directions. Performance fell off fairly symmetrically on » 
either side of this optimum, as the ratio of the resolving powel 
in the two directions was increased above it or reduced below it, » 
This is shown quite clearly in Fig. 5 of his paper, which is repro-|” 
duced in Fig. 7. In the present series of experiments it would be | 
expected, therefore, that, at any given bandwidth, there would): 
be an optimum number of lines giving a minimum value of VIA 
Although we must not attempt to deduce too much from the! 
present experiments, it is quite obvious that the 405- and 625-line!) 
data do give two curves of the expected form, and that the) 
tangent to these curves, representing the locus of the optimum): 

combination of viewing distance and bandwidth for each system, 
has a slope very similar to that of the lines for the optical experi- 
ments plotted in Fig. 5. In making this comparison the area): 
f 


scale on the right-hand side of Fig. 5 is, of course, taken as 
representative of the bandwidth. Deliberately taking a tanger 
slope of —2-46, the data in Fig. 6 have been replotted in Fig. 8) 
so that the 405- and 625-line points are ‘fitted’ on to a common * 
curve. In addition to ‘sliding’ the data down the tangent line! 
to make them overlap, it is also necessary to decide the exact 
amount by which they shall be ‘slid’. It will be remembered © 
that the basic principle behind the experiments of Fig. 5 was that, | 
as picture size was increased, the resolution per unit area was / 
kept constant. The assumption made in plotting Fig. 8 is that 
the higher-definition 625-line system working at its optimum | 
bandwidth (‘tangent point’) is used to produce a proportionately, 
larger picture at the same viewing distance than the 405-line 
system working at its optimum bandwidth. This means that at)! 
the two tangent points in Fig. 6 the ratio of the two horizontal’ 
‘sharpnesses’ and that of the two vertical ‘sharpnesses’ are taken 
to be equal, and equal to 625/405. On the 

bandwidth scale, the data for the two systems), 
have been ‘slid’ in the ratio (625/405). f 
Fig. 8 shows a very satisfactory superposi-) 
tion of the two sets of data and indicates tha 
individual television systems could be repre-! 
sented by a family of curves suitably positioned) 
along the tangent line in Fig. 6. The two! 
curves shown in Fig. 6 are, in fact, the average 
curve of Fig. 8 plotted back in its correct} 
positions for the two systems. | 
The probable error of the data is impor-) 
tant and has been calculated as follows. The 
means of the readings for the four pictures! 
were averaged for each observer. The stan-| 
dard deviation of these nine results was then) 
determined for each experiment (each point in) 
Figs. 6 and 8). These standard deviations, 
expressed as a percentage of their associat 
mean, were then averaged throughout the! 
whole series of tests. This gave a value for a 
of +14% for any one observer. For nine 
observers, therefore, the variability will be of 
the order of one-third of this. The shaded area 
in Fig. 8 is for +3o limits on the mean. It 
would be expected, therefore, that approxi- 
mately 1 in 20 of the experimental points 
would fall outside the shaded area. There 
are, in fact, 20 points plotted in Fig. 8, and 
one does just lie outside the top limit line. The 
indication is that the results are self-consistent 
and that the assumptions made in deriving 
Fig. 8 from the data in Fig. 6 have a reasonably 
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Fig. 8.—Superimposition of 405- and 625-line experimental data. 


The arrowhead indicates the optinium choice for minimum bandwidth. 
The equation of the common tangent line is 

X2x1+23Y = constant = 3100 

(or f(V/H)2*1-23 = 260) 
The shaded area indicates 0-95 probability limits. 


inigh probability of accuracy. (Expressing the standard devia- 
dion of the optical experiments Figs. 2, 4 and 5 as a percentage 
tof their means, and averaging in the same way gave o = + 19% 
Yor one observer looking at four pictures.) 

As already stated, Fig. 8 can be made to represent a family of 
curves lying along an optimum tangent line, each curve being for 
{a. given number of lines. Two such curves are shown in Fig. 6. 
‘The point of contact of each individual curve with the tangent 
*represents the optimum bandwidth for that number of lines. Any 
other choice of number of lines for that bandwidth will result in 
van inferior performance in terms of closeness of viewing distance 
‘(measured in terms of V/A). 

The deductions from Fig. 6 are rather surprising. The 
optimum bandwidth for a 405-line system is just over 1 Mc/s, 
land for a 625-line system it is about 24.Mc/s. As will be seen 
‘from the curves, there is still considerable advantage to the viewer 
‘in increasing the bandwidth above these values, but not nearly so 
‘much as would be gained by increasing the number of lines as well. 

The efficiency of any given choice of number of lines and 

‘bandwidths can now be judged on an absolute basis from Figs. 6 
and 8, by taking the ratio of V/H for the system as chosen to that 
for the point where the same bandwidth intersects the tangent 
line. For example, the British 405-line 3 Mc/s standard gives a 
value for V/H of 8. The tangent line intercepts 3 Me/s at 
v!H = 6-2. On this basis, the system has an overall efficiency 
“£ 78% in terms of V/H. The same assessment can be made in 
terms of bandwidths, in which case, in the example quoted, the 
seme viewing distance can be achieved at the tangent line with a 
Sendwidth of 1-5 Mc/s, which makes this system 50% efficient 
in terms of bandwidth. 

Using the ratio of V/H as the measure of system efficiency, 
Fz. 9 has been calculated from the data in Fig. 8. This shows, 
fc* any chosen bandwidth, the relationship between V/H and the 
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BALDWIN 
2/) LIMITS 7 -k 


V ¢ 0°5/1-23 


Iso 200 


Fig. 9.—Efficiency of a television system of a given bandwidth for 
different numbers of lines, expressed in terms of V/H. 


Bsorsit-23 = {02—-(3/1+23) yy0-5/1-23 


Nf-0°5 = 103Y—0°5 
where X and Y are the abscissae and ordinates of Fig. 8. 


number of lines. It should be noted that the V/H scale has been 
inverted in order to produce an apparent maximum to the curve. 
This corresponds to the optimum tangent point shown by the 
arrowhead in Fig. 8. Baldwin’s work, already referred to,° 
showed that, for a given bandwidth, the ratio of the resolving 
power in the vertical and horizontal directions could change to 
2:1 in either direction on opposite sides of the optimum 
(Fig. 7) with little degradation of picture quality. These limits 
are shown in Fig. 9, and indicate that a degradation in picture 
quality which produced an increase in V/H of about 20% from 
the optimum (tangent line) condition would be just acceptable. 
These limits have been referred back on to Fig. 8. 

In order to prevent the author from drawing too many rash 
conclusions from his curve-fitting exercises, Fig. 10 has been 
constructed from the experimental points given in Fig. 6. Fig. 10 
is derived on exactly the same basis as Fig. 8, but using a tangent 
slope corresponding to the line a@...a in Fig. 5. Again the 
experimental points lie nicely inside the shaded area! 


(4) SPECIAL TELEVISION EXPERIMENTS 


The flying-spot colour-television equipment, already referred 
to, was tested at the full bandwidth of the luminance channel, 
i.e. 2-25Mc/s, and with the luminance channel restricted to 
0:75 Mc/s. In Fig. 11 the curves, but not the experimental 
points from Fig. 6, are plotted. It will be seen that the two 
points for the colour experiments are well within the expected 
limits from the 405-line monochrome curve. 

During the recent colour-television field tests carried out in 
this country, 83 questionaries, filled in by viewers participating 
in the tests with standard monochrome receivers, passed through 
the author’s hands. The results showed no significant difference 
in their values of V/H for values of H ranging from 6 to 134in 
(9 to 2lin receivers). The average value of V/H for the 83 
questionaries was 8-8 and this point is shown plotted on Fig. 11 
for a bandwidth of 2-5 Mc/s. Again this result lies within the 
expected limits from the 405-line data obtained in the above 
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Fig. 10.—Superimposition of 405- and 625-line experimental/data. 
The arrowhead indicates the optimum choice for minimum bandwidth. 
The equation of the common tangent line is 


X2Y = constant = 99 
(or f(V/H)2 = 99) 
The shaded area indicates 0:95 probability limits. 
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11.—Further experimental and hypothetical television data. 


405-line N.T.S.C, flying-spot 35mm colour slide scanner. 
4, 405-line 44in I.O. camera with spot-wobble. 


405-line 44in 1.0, camera with synchronous spot-wobble. 


405-line 44in I.O. camera with sampled synchronou - 
405-line mean of 83 home viewing tests. se a ae 


) 
@ 
laboratory experiments. 
was +26%. 
As already mentioned, the 44in image-orthicon camera chain 


had various forms of spot-wobble available. A full description 
of this equipment and the spot-wobble techniques used is given 


The value of o for the 83 results 


SIZE, VIEWING DISTANCE AND PICTURE QUALITY 


in the paper by Sarson and Stock,” but for clarity a very brief ré- 
sumé will be given, and Figs. 12, 13, 14, 15 and 16 are reproduced), 
from this paper. Fig. 12 shows a part of a test chart reproduced, 
by a normal 405-line 2 : 1 interlaced system. Fig. 13 shows par 

of a single field of 2024 lines with receiver spot-wobble applied in: 
the manner described in an earlier paper.' By this means the 
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Fig. 12.—Two fields interlaced (reproduced from Reference 2). 


Fig. 13.—Single field with receiver spot-wobble (reproduced from 
Reference 2). 
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Fig. 14.—Single field with synchronous spot 


-wobble (reproduced 
from Reference 2), na 
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Fig. 15.—Two fields interlaced with synchronous spot-wobble 
(reproduced from Reference 2). 


_ Fig. 16.—Two fields interlaced. Signal sampled from synchronous 
spot-wobble signal (reproduced from Reference 2). 


visibility of the line structure on the viewing screen is reduced but 
‘with some slight loss of vertical resolution. Fig. 14 shows the 
‘same single field but with spot-wobble applied synchronously to 
the transmitter camera and the receiver display. By the use of 
‘such synchronous spot-wobble, in conjunction with increased 
-video-frequency bandwidth, not only can the loss in vertical 
resolution be overcome, but vertical resolution can be increased 
as shown. Fig. 15 shows two fields interlaced from Fig. 14, and 
is representative of the picture as seen by the viewer on the 
monitor. This should be compared with Fig. 12, which is the 
original normal interlaced picture. The increase in resolution 
in the horizontal wedge can be clearly seen. The beating patterns 
which are present in Fig. 12 have also practically disappeared. 
The synchronous-spot-wobble technique is a method of 
increasing the vertical resolution of any given standard of 
television. It has ‘compatibility’ of scanning standards so that 
4 picture radiated with the higher-definition synchronous spot- 
wobble could still be received on a normal receiver, but with some 
small smearing of the vertical resolution. A preferred method 
«? making such a system fully compatible with the existing system 
would be to radiate the higher-definition picture on new channels, 
éad to obtain the standard television signal from it by sampling 
i+ synchronism with the spot-wobble at constant phase. Such 
* synchronously-sampled spot-wobble signal is shown in Fig. 16. 
Comparing this with Fig. 12, it will be seen that the vertical 
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wedge is now showing some beating patterns owing to the 
horizontal sampling involved. 

The synchronous-spot-wobble idea is due in its original con- 
ception to Blumlein,® but the synchronous sampling feature is of 
more recent origin.’ Such a system could be used, for example, 
to produce a high-definition colour-television picture in the u.h.f. 
bands, the normal standard of definition being sampled out from 
the luminance channel and radiated in monochrome from existing 
stations on Bands I and III. 

The results of some limited tests carried out on the 44in 
image-orthicon chain with the application of spot-wobble, syn- 
chronous spot-wobble and sampled synchronous spot-wobble are 
shown in Fig. 11. The results of the earlier work! are confirmed, 
namely that receiver spot-wobble alone produces a significant 
improvement in picture quality. Synchronous spot-wobble pro- 
duces a further improvement, and the sampled synchronous spot- 
wobble was apparently judged by the observer team to be not 
significantly different from the normal 405-line picture. 

So far, only preliminary results have been obtained with the 
various spot-wobble techniques, but nevertheless the results are 
encouraging. For bandwidths of 3Mc/s and upwards on a 
405-line system, they still do not compare with 625-line scanning, 
but further investigation into spot-wobble waveform, frequency, 
etc., could lead to worthwhile improvements. There was some 
evidence from these experiments that the brightness characteristic 
of the camera tube was related to the choice of scanning 
standards. This is in itself an interesting matter for further 
investigation. 

In Fig. 11 the dotted curve shows a hypothetical 819-line 
system, which is calculated from Fig. 8. The optimum band- 
width appears to be between 4 and 5 Mc/s. 

Before proceeding further it is necessary to draw attention to 
the interpretation of the term ‘bandwidth’. This will no doubt 
be more profitably discussed in detail elsewhere and in the light 
of further investigations, particularly in relation to the most 
efficient method of occupying a ‘channel’. In the present 
experiments a ‘bandwidth of 3 Mc/s’ is specifically related, of 
course, to the appropriate filter characteristic given in Table 1, 
and defines the ‘flat’ part of the characteristic. In this case, 
therefore, the attenuation characteristic of the filter would 
not permit this signal to be accommodated in the standard 
405-line 5 Mc/s channel, which has a 3-5 Mc/s sound-vision 
carrier spacing. The filter would be too wide by at least 
0:25Mc/s. By a strict interpretation of the data given in the 
Table, therefore, the frequency scales of Figs. 6 and 8-11 are too 
low, in terms of television channel allocations. To offset this, 
however, it seems likely that more efficient filters could be used 
in any practical system without detriment to picture quality. In 
any case it is hoped that, in the following discussion, the present 
results have been interpreted with reserve. 


(5) CONCLUSIONS 

The most important conclusion from the experiments is that 
every existing television system working at 25 pictures,50 fields/sec, 
has a considerable excess of horizontal resolution which is not 
being used by the viewer. This conclusion is supported by 
subjective observer data which are extraordinarily self-consistent 
and repeatable. Whilst the single criterion used—namely view- 
ing distance—may be criticized as being insufficient to embrace 
all the qualities looked for in different systems of picture repro- 
duction, nevertheless it does appear to be directly related to the 
qualities which are important when choosing television scanning 
standards. 

The results are a pointer to the correct assessment of the 
effectiveness of any signal compression system which may be 
proposed, for example, from a study of information theory. 
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The near-optimum bandwidth of 14 Mc/s for a 405-line system 
or 3 Mc/s for a 625-line system without spot-wobble give a Kell 
factor* of 0-42. Baldwin’s figure of 0-7 for a sequential scan? 
suggests that a figure in the region of 0-35 should apply to a 
completely paired interlaced scan. The present results therefore 
show only very slight advantage to interlacing. Previous work! 
and other similar investigations have shown the ability to resolve 
the detail in a resolution chart to practically double this amount, 
suggesting that some other factor must be operating to affect 
viewers’ judgment. The fact that receiver spot-wobble has such 
a marked effect may be the clue to this. There is always some 
small vertical movement present in the average programme 
material, and the 2024-line structure in a single field of a 405-line 
system immediately becomes noticeable. It has already been 
shown! that 200 white lines spaced by 200 black lines in the 
height of the picture are ‘clearly visible’ at eight times the picture 
height by the average observer. All the data available from the 
present experiments indicate that, without receiver spot-wobble, 
the average viewer does not choose to come nearer than eight 
times the picture height to a 405-line picture. 

The probable explanation of the rather revolutionary choice 
of standards suggested by the results of this investigation may 
lie in the observers’ ‘resistance’ to the line structure in a single 
field when viewing a picture. When viewing a resolution chart 
the task is quite different and the irritating effect of the line 
structure is probably ignored. The introduction of receiver spot- 
wobble removes this irritation, and if sufficient bandwidth is 
present, as in our 405-line system, the viewer can move nearer to 
the picture and make use of this unbalanced excess of horizontal 
resolution on the basis of Baldwin’s suggestion (Fig. 7) that a 
2:1 out of balance either way in the ratio of horizontal to 
vertical resolution is tolerable. If this theory proves to be correct 
there is considerable room for improvement in the method of 
displaying interlaced television pictures, e.g. by the use of picture 
storage in the receiver. In the absence of a storage device, 
long-afterglow screens such as those used to demonstrate freedom 
from flicker? would appear to be worth investigation. 

Some further viewer tests using an optical-interlace simulator 
are in hand in order to test the validity of the above theory. In 
this connection the frequency of the field scan may be more 
important than simple flicker considerations suggest. Thus the 
American 60 fields/sec system may appear much less ‘liney’ for 
the same line spacing as our 50 fields/sec system. For this 
reason the present results cannot now be applied by scaling to 
the American standards. This point is also under investigation 
with the interlace simulator. 

The implications of the spot-wobble and synchronous spot- 
wobble experiments would appear to be as follows. If the 
optimum choice of standards is made in the first place, there 
would appear to be no direct advantage from the use of either. 
But with an excess of video-frequency bandwidth they will show 
a progressive advantage as demonstrated in these experiments. 
The present results may be considered as a preliminary indication 
of the possibilities, particularly of synchronous spot-wobble. 
Attention to spot-wobble waveform, frequency and amplitude 
in relation to the associated video-frequency bandwidth might 
result in still further improvements. The synchronous-spot- 
wobble system offers the opportunity to establish a television 
standard and then at some later date to inaugurate a higher- 
definition system on new channels using the same basic scanning 
standard, as suggested! in 1952. It isa short step to the addition 
of colour on a synchronous sub-carrier using the same ‘burst’ to 
lock the synchronous colour detector and the spot-wobble in 
the receiver. The use of such higher-definition pictures for 


* The ratio of the ‘effective’ number of vertical picture elements to the actual 
number of lines displayed in a television picture is known as the ‘Kell factor’, as a 
tribute to Ray Kell who did much of the original work on this subject.8 


cinema projection would be an obvious application. The stan-\» 
dard signal would be sampled out in the manner demonstrated*»7 f 
for radiation over the normal broadcast television system. } 
With regard to colour television, the experiments show that:) 
the American N.T.S.C. proposal to put the chrominance informa- + 
tion at the top of the video-frequency band is entirely justified | 
on all existing 25-picture/sec standards. On the other hand, they i 
show that it is not necessary to interleave the two signals. |: 
42 Me/s for 405 lines, 3-34 Mc/s for 625 lines, and 6 Mc/s for |) 
819 lines would appear to be ample luminance bandwidth, If — 
these were adopted, chrominance information could be trans- ft 
mitted in the space vacated by the luminance, and in the same} 
relation to sound and vision carrier as in the N.T.S.C. system, ' 
but without crosstalk, dot patterns and ‘beaten-down’* noise. It i) 
would certainly be an instructive exercise to take the suggested )) 
optimum bandwidth for a system, say 14.Mc/s for a 405-line |) 
standard, or 3 Mc/s for 625 lines, and try to insert an N.T.S.C. Ny 
type sub-carrier into it. ( 
The effective video-frequency bandwidth appropriate to the 
viewers’ requirements indicated by the present results gives iv 
greater importance to the colour information in the 405- and 
625-line versions of the N.T.S.C. system so far demonteaa 


For example, instead of considering the I and Q signals in the 
405-line version of the N.T.S.C. system as being approximately | 
one-third and one-eighth of a luminance channel of 3 Me/s,\- 
they now have to be considered as occupying together about half 
the total available bandwidth, if the luminance is only effective 
to 14Mc/s. However, this is quite consistent with the latest: 
findings of Baldwin, who, in a recent publication,!! indicates that: 
a colour picture of equivalent sharpness to a monochrome picture 
can be produced by about 100% increase in the video-frequency 
bandwidth. Jn the light of the present experiments, therefore, 
European standards of television appear to be well suited to a 
separate chrominance allocation on this basis. With the trend 
to larger and brighter pictures the elimination of irritating edge 
effects on colour pictures would appear to be just as important 
as increasing the luminance definition. 
An incidental advantage of the separate channelling of lumi-. 
nance and chrominance, by restriction of the luminance channel) 
and without apparent loss of picture sharpness, would be the |) 
ability to run the television system locked to the mains supply" 
rather than to the colour sub-carrier, as is necessary in md 


N.T.S.C. system. 

The optical experiments show quite clearly that, for a given’) 
picture quality, people want to sit farther away from larger 
pictures in strict proportion to the picture dimensions. On the’ 
other hand, if quality is increased at the same time as size, and 
especially if it is increased in proportion to size (i.e. constant’ 
quality per unit area), the viewers remain at approximately the! 
same viewing distance. This conclusion is borne out by both! 
the optical and the television experiments. 

The equating of television standards to cinema pictures has’ 
long been a pleasant pastime of television engineers. The last! 
estimate in which the author was involved! gave 625 lines with’ 
receiver spot-wobble and 5 Mc/s video-frequency bandwidth as 
the minimum acceptable for a 4 : 3 picture when viewed at four | 
times the picture height. The present experiments show this” 
estimate to be at fault because such a picture would be viewed 
by choice at about 54 times the picture height. It may well be 
that a re-determination of the optimum viewing distance for | 
cinema picture would result in a choice nearer this value. The 
hitherto generally accepted figure of four times the picture height. 
has been based on the position of the most expensive seats in the’ 
theatre, at the front of the circle. Figs. 8 and 11 show that at 


! , 
* Crosstalk noise produced by the sub-carrier of the N.T.S.C. system beating with ' 
the high-frequency noise in the luminance component of the sign 7 


\ 
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\ 5} times the picture height 750 lines and 4 Mc/s would suffice. 
‘ At four times the picture height 1150 lines and 8-5 Mc/s would 
be required. If the chosen viewing distance were 44 times the 
picture height, for example, this reduces to 1 000 lines at 6-3 Mc/s. 
Probably the most useful conclusion that can be drawn from the 
_ present experiments is that a maximum of 8-5 Mc/s is required 
to equal a cinema picture (35mm sound film; 4:3 aspect ratio). 
This is for 25 television pictures/sec and 2 :1 interlace, of course. 
The present trend in the cinema industry is towards a 2: 1 
aspect ratio coupled with larger screens giving the viewer more 
peripheral vision. In the Todd-AO and Cinerama systems this 
produces an effect now known as ‘audience participation’. The 
general move towards larger viewing angles has immediately 
resulted in dissatisfaction at the sharpness of the pictures with 
those processes using normal 35mm film-frame size. Consider- 
able efforts are now being directed to producing finer-grain 
emulsions and better optical systems for cameras and projectors. 
The ‘brute-force’ method of projecting a larger area of film, 
however, is producing the most spectacular results. The area 
of the original negative projected per second has been increased 
44 times for the Todd-AO system and seven times for Cinerama. 
This is exactly analogous to the method of the experiments shown 
i in Figs. 3, 4 and 5, and, of course, to increasing the bandwidth 
; and number of lines of a television picture. There is already 
‘some evidence that people are complaining of the picture 
‘ “lininess’ on 21in black-and-white receivers in this country, and 
that this size is about the limit for a 405-line system viewed in 
the larger-size living rooms. On the basis of the present experi- 
ments a change to 625 lines should allow this picture size to be 
increased to that of a 29 in tube, and for 819 lines to at least 34 in. 
It may be encouraging to the cinema industry to note that, on 
| the basis of the above reasoning, a Todd-AO picture would 
| require 38 Mc/s maximum and Cinerama 60 Mc/s. The Tekni- 
| 
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raina negative, which is the largest known to the author for 
_ producing normal 35mm prints for anamorphic projection, 
_ accommodates 24 times as much picture area as the normal 
3:4 sound film, and is therefore equivalent to 21 Mc/s maximum. 
The chosen value of V/H for the colour transparencies used in 
| the direct-projection experiments was 4:1 (Fig. 2), corresponding 
- to 8-1 Mc/s (Figs. 8 and 11). The area projected in these tests 
was 27-5mm xX 20-5mm. The full area of such a colour 
transparency is 36mm xX 24mm, corresponding, therefore, to 
12-5Mc/s. The chosen value of V/H for the 16mm colour film 
was 5-5 (Fig. 5), corresponding to 750 lines, 3-9 Mc/s (or 625 
lines, 5 Mc/s, with spot-wobble—see above). 

A few incidental items arising from this investigation should be 
noted. The results explain why television recordings, and par- 
ticularly the ‘suppressed field’ type in which only one field (half 
the total number of lines in the picture) is recorded, looks so 
good when projected normally on a viewing screen. Also the 
results explain completely why, in the course of the tests on the 
405-line version of the N.T.S.C. system, it was frequently noted 
that there was no detriment to picture quality when the luminance 
channel was reduced to about 2 Mc/s either on the colour picture 
or on the monochrome compatible picture or even on normal 
B.B.C. reception. 

The tri-colour tube when carefully aligned appears to be per- 
fectly adequate for the 405-line N.T.S.C. picture so far as 
resolving power is concerned. 

The following criticism may be levelled at the experimental 
method: The whole conception of the experiment is wrong, 1.¢. 
't does not tell us what we really want to know about picture 
juality, since observers may choose to sit at the same distance 
"rom two pictures and still prefer one much more than the other. 
This may be true as far as ‘picture quality’ is concerned, but when 
sharpness only is changed as in these experiments, and especially 
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the number of lines and bandwidth of the television systems, there 
appears to be a very coherent relation with viewing distance. 

It may be argued that the spot size was not adjusted either 
on the flying-spot scanner or on the monitors when changing 
from 405 to 625 lines. There seems to be no doubt that the 
spot was sufficiently small to deal adequately with 625 lines, 
in which case the picture might have looked excessively ‘liney’ 
when working on 405 lines. The fact that the results obtained 
on the two standards are so exactly related, as shown by Fig. 8, 
would refute this suggestion. At the viewing distances chosen 
it is almost certain that the apparent lininess would be governed 
by the total light flux in the lines and by their spacing, provided 
that the lines were fine enough. 

It might be suggested that the effect of perspective on the 
viewers’ judgment has been completely neglected in considering 
these results. From artistic considerations it has always been 
taught that viewers should sit at the same proportionate distance 
from a reproduction as the camera at the taking end. In other 
words, the viewer should accept the same angle of view as the 
camera did in taking the picture. It might be argued, therefore, 
that, in the optical experiments, when the picture was projected 
sharply focused, the viewers’ reactions were entirely as would be 
expected on the grounds of accepting the same viewing angle as 
the taking lens. When the whole picture is projected at different 
sizes they move closer or farther away in proportion, as shown in 
Fig. 2. When progressively larger amounts of the picture are 
displayed to them they remain at approximately the same distance 
from the screen and accept the larger viewing angle, as shown in 
Fig. 4. This argument is completely refuted, however, by the 
optical experiments with the defocused projector. Either with 
the whole picture displayed, or with progressively larger parts of 
the picture, the viewers behaved as though they were reacting to 
picture sharpness entirely and not to perspective (Figs. 2 and 5). 
In the television experiments, the whole picture was used on 
every occasion and the sharpness was varied by the different 
television scanning standards. Again viewers behaved as if they 
were reacting to picture sharpness only (Figs. 6 and 8). How- 
ever, it may well be that there is some second-order effect due to 
perspective, and this can be checked by repeating the experiments 
using a set of transparencies of the same scene, photographed 
with different focal-length lenses, and at proportionately different 
camera distances. 

The results may be criticized on the grounds that they were 
obtained almost entirely with still pictures. The limited experi- 
ence with moving pictures, however, did not indicate that any 
major correction would be necessary due to this factor. Three 
of the four colour transparencies had already been extensively 
used in America and in this country for assessing colour tele- 
vision standards. 

It therefore appears that there is an excess of video-frequency 
bandwidth available—S0% in the 405-line case—for all the 
European monochrome standards, and the question of how to 
make the best use of it requires consideration. The following 
ideas have been suggested. 


(a) To investigate the possibility of increasing the apparent picture 
sharpness (reducing the chosen value of V/H) by receiver display 
storage, e.g. afterglow screens. 

(6) To insert colour into the upper end of the video-frequency 
band but without interleaving. 

(c) To increase the number of lines—405 to 625 and 625 to 819. 

(d) To increase the picture ratio from 4:3 to about 2:1. : 

(e) Simply to allow the receiver manufacturers a cheap ‘roll-off’ 
in the video-frequency characteristic, without loss of picture 
sharpness. 


It would appear desirable not to do more than one of these at 
a time. ; eat 
In conclusion may it be said once again that, in establishing 
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television standards, and especially in the present instance colour- 
television standards, future developments in equipment must be 
envisaged just as they were for monochrome in 1935. In par- 
ticular, potentialities in receiver development are very important, 
as it is here that most of the capital investment resides when a 
service is finally established. There seems no doubt that the 
ability to produce larger pictures in the home will materialize 
not too long after the establishment of a colour-television service 
in Europe. The experimental work described above indicates 
that, with present home-viewing distances, it will not be too 
uneconomical in bandwidth to provide the higher standard of 
definition required to go with them. 
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(8) APPENDIX 
Relevant Technical Data for the Experiments 


(8.1) General 


The size of the viewing room used in the optical-projection 
and flying-spot television experiments was 25ft 8in x 12ft 3in 


(approximately 8m x 3-75m). The screen was placed 4-5ft © 
(1:5m) from the end wall remote from the door. Low ambient — 
lighting was used. Observers were allowed time to accommodate © 
before carrying out an observation. The pictures were displayed |» 
at a convenient height to be viewed seated. 
The colour transparencies used in the optical projection and th 
flying-spot television experiments were as follows: close-up of | 
girl with scarf; materials and jewellery; autumn trees; Coronation |) 
decorations in Whitehall. The first three were from the N.T.S.C. ). 
set and the last was an original colour film. 
The average age of the nine observers was 36 years. The i 
standard deviation of their ages was +10 years. Two were 13 
women. Four wore spectacles. Taking their individual V/H it 
readings for each experiment, as a percentage of the mean in) 
each experiment, and averaging for each observer over the whole |)» 
series of tests (26 optical and 28 television) the following results 
were obtained. The three youngest observers (average age, 2 
26 years) were 3:2% high on the average value of V/H; ino 
next three (average age, 34 years) were 1:4% high; the three 1 
oldest (average age, 47 years) were 3:6% low. li 


(8.2) Optical Experiments | 


The projector had a 4in f2-8 lens. 


The area of colour CEES eS viewed in the sharp-focus i 
condition was 20:5 x 27-5mm?. 
The four viewing screens were coated matt white and hn 
were 12in X 9in, 17-3in x 13in, 24in x 18in and 34-6ime 
x 26in. i 
Picture-highlight brightness was in the region of 20ft-lamberts ty 
except where stated (4 and 4 times brightness experiments). In ; 
the first series of experiments (Figs. 1 and 2) neutral density filters 
of 0:9, 0:6 and 0-3 were placed on the projection lens for the i 
three smaller picture sizes, in order to equalize the brightness. 
In the ‘defocused’ condition (Fig. 1) the projector was pulled \ 
back 24, 5, 10 and 20in, respectively, for the four picture sizes. : 


(8.3) Television Experiments 


The low-pass filters used (see Table 1) were constructed accord- | 
ing to Reference 4, with a transmission bandwidth of 6«, and a | 
cut-off bandwidth of 1-5«. { 

The area of colour transparency scanned in the flying-spot |: 
scanners was 20:5 x 27-5mm?. 

Tests on the 44 in image-orthicon chain, including all the spot- ) 
wobble variations, were carried out with the observers standing 
viewing a rack-mounted monitor in the laboratory. 

Details of the television displays are as follows: | 

405-line flying-spot colour scanner. 21 in tri-colour tube. Picture i 

height, 14-S5in. Highlight brightness, about 10 ft-lamberts. . 


625-line/405-line flying-spot monochrome scanner, 21 in ra 


angular tube. Picture height, 13-14in. Highlight brightness, about | 
20 ft-lamberts. . 


405-line 43 in image-orthicon camera chain. 17 in rectangular tube. t 
Picture height, 9-75in. Highlight brightness, about 20 ft-lamberts. 


Details of 83 home-viewing tests (Fig. 11) are as follows: 


Number of 
observers 


Picture height 


Total 83 . 8 J+ 
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DISCUSSION BEFORE THE RADIO AND TELECOMMUNICATION SECTION, 19TH FEBRUARY, 1958 


Mr. G. G. Gouriet: The author has described a number of 
.carefully conceived experiments, and he has presented a con- 
‘vincing interpretation of the results. Nevertheless, I find it 
difficult to accept the somewhat startling conclusion that the 
‘optimum bandwidth for a 405-line television system is about 
1-5Mc/s. This and other similar conclusions rest on the 
validity of using the single parameter, viewing distance, as a 
“means of rating picture quality. 

The result of the first experiment shows that the preferred 
viewing distance increases linearly with the size of picture. The 
experiment was conducted in a room 26ft long, and I wonder 
‘whether this did not give the viewers unrealistic latitude. We 
‘find that in practice, for one reason or another, the change of 
viewing distance with picture size is relatively small. This is 
borne out by results which we obtained during the recent colour- 
television compatibility trials, when 600 questionaries com- 
pleted by monochrome viewers were analysed. Fig. A shows 
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these results reproduced in Fig. 2 of the paper as curve (c), and 
it will be seen that the slope of this curve is substantially greater 
than that of the author’s curves indicating that, in practice, the 
range of viewing distance is fairly restricted. It is strange that 
the author analysed 83 questionaries from the same series of tests 
and obtained an average of 8-8 for the ratio V/H; this is notably 
higher than the average ratio obtained from the 600 questionaries. 
I should like to comment briefly on the filters which the author 
used to restrict the bandwidth of video-frequency signals. In 
television, where a phase-equalized filter is normally used for 
this purpose, it is reasonable to regard the effective bandwidth 
as being that of an ideal filter having the same area under the 
response curve. Such an ideal filter will give the same maximum 
slope in its response to unit step and, therefore, a similar degree 
“f picture sharpness. On this basis, the filters used for the 
experiments. each have an effective bandwidth 10% higher than 
‘he figure quoted in the paper. 
- The author has suggested that, in practice, more efficient filters 
could be used, but here I disagree. In using a bandwidth of 
Mc/s for a 405-line picture it is permissible to use a high rate 
f cut-off, since any ‘ringing’ produced will have a relatively fine 
tructure of low visibility. On the other hand, if the bandwidth 
+s abruptly restricted to 1-5 Mc/s, ‘ringing’ will produce a pattern 


twice as coarse as the line structure in a single field; I believe that 
this is more objectionable than is the visibility of scanning lines. 

In order to avoid ‘ringing’, the cut-off must be gradual and 
for the same effective bandwidth this inevitably means using a 
greater total bandwidth. This argument is equally applicable 
to 625 lines when the bandwidth is limited to 3 Mc/s. I should 
be interested to know whether the filters used by the author did 
in fact cause ‘ringing’, and if so, whether the viewers commented 
on the fact and objected to it. 

I am very interested in the results which the author has 
obtained using spot-wobble techniques. It should be mentioned 
that photographs can be misleading, in that they do not show 
line break-up and stroboscopic effects. Our experience with 
interlaced sampling, which is not unrelated, has been that, whilst 
photographs show a marked advantage, when directly viewed the 
picture is disappointing. 

Mr. I. J. P. James: Mr. Gouriet’s remarks concerning a 
bandwidth of 1-5 Mc/s remind me of tests we did in the early 
days of the development of the C.P.S. Emitron pick-up tube. 
During transmissions from Wimbledon we were testing various 
networks ina camera channel. The observers at the receiving end 
preferred the pictures when a single constant-K section low-pass 
filter with a cut-off frequency of 1-5 Mc/s was inserted in the 
channel. The observers preferred a narrow-bandwidth picture 
to one with a wider band accompanied by high-frequency noise. 
The author does not mention the effect of noise, but this should 
be considered in assessing bandwidths and the quality of pictures. 

With regard to the tests shown in Fig. 6, in comparing 625 
lines with 405 lines one wants to be quite sure that one is testing 
the viewer’s reactions and not the cathode-ray-tube character- 
istics. It appears from the photographs in the paper that the line 
structure was rather finer than it should have been. In other 
words, the 625-line pictures have the gaps filled more than the 
405-line pictures, and this tends to accentuate the difference 
between the two systems. 

If we consider a sequential television system in which we 
have ideal square-section spots, so that the lines are jutting 
against each other, we shall not see any line structure. Therefore, 
it does not matter how many lines we have; we cannot see them. 
If we interlace them, and the eye moves, the raster tends to split 
up even with ideal spots; thus interlacing does introduce trouble, 
which is presumably the effect, together with inter-line flicker, 
that is mainly shown by the curve. It is very important in tests 
to make sure that the rasters are interlacing correctly; and the 
author has obviously taken this into account. 

Some experiments similar to those described in the paper are 
reported by F. D. Thompson.* Fifty viewers were used to 
determine the distance from a 24in receiver at which the line 
structure became barely resolvable. The test was conducted on 
a standard 525-line raster with no video-frequency modulation 
and a brightness of 20ft-lamberts. The viewers backed away 
from the receivers until the lines just blended together. The 
distances were recorded for the conventional raster and for a 
13-25 Mc/s wobbled raster. 

The average viewing distance for the raster was 10-6 ft (vertical 
viewing angle of 7:6°), giving V/H = 7:5. The average distance 
for the wobbled raster, 6:1ft (13-1°), gives ViH = 4-3. In 
additional experiments, some of the viewers were seated in chairs 
with castors and were asked to move about and pick the location 
from which they preferred to view the receiver. They went to 
more or less the same positions as they had chosen before. 

If the values for V/H of 7:5 and 4-3 are plotted in Fig. 11 
for a bandwidth of 3-4 Mc/s (4:2 Mc/s less 20% because of the 


* THOMPSON, F. D.: Journal of the Society of Motion Picture and Television Engineers, 
1957, 66, p. 602. 
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difference in field rate), there appears to be fair agreement for 
the conventional raster, but a considerable discrepancy for the 
wobbled raster. 

Mr. T. Kilvington: The author’s method of assessment is an 
extremely interesting one which appears to be capable of taking 
into account all the factors that affect the subjective quality of a 
picture. Perhaps for the first time it provides a method of taking 
the line structure into account. In the past, line structure has 
been taken for granted, and what has been assessed has been the 
horizontal definition. But I notice that in the tests described a 
still picture was used and great care was taken with the inter- 
lacing. In viewing moving pictures, when there is some vertical 
movement in the picture or some vertical movement of the 
camera, the interlace frequently seems to disappear completely 
and a picture with half the number of lines is seen. It would 
be interesting to know whether any experiments with moving pic- 
tures were made to assess this effect and, in particular, whether any 
comparison has been made between an interlaced system in which 
this effect occurs and a sequential system in which it does not. 

The method would also appear to be capable of taking into 
account the effect of noise, for it is an undoubted fact that in 
the presence of noise a picture will look more acceptable from a 
greater distance. Has this possibility been investigated ? 

I was surprised to find that the author could gain any support 
for his theories from the results of viewing tests in people’s 
homes. It seems to me that viewing distance at home is deter- 
mined not so much by the cathode-ray-tube size as by other 
factors such as the size of the room, the number of people viewing 
simultaneously and the disposition of the furniture within the 
room. Speaking from experience at home over the last ten 
years or so, although we have graduated in stages from a 6in 
tube to a 21in tube, I am quite sure that our average viewing 
distance has not increased in the same ratio of 3:5 : 1 

With regard to spot-wobble, or rather an alternative to it, some 
years ago we made a monitor in which particular care was taken 
of focus and interlace so that the line structure was clearly visible. 
We found it possible, with the aid of two small pieces of magnetic 
material inserted in the focusing-magnet system, to distort the 
focusing field in such a way that the spot became elongated in the 
vertical direction. This broadened the lines, reducing their visi- 
bility and giving an overall improvement in picture quality. It 
seems that some static method of line broadening such as this may 
be a simpler and cheaper method of reducing line visibility than 
the better-known spot-wobble technique. 

Mr. B. C. Fleming Williams: It is about a quarter of a century 
since the present television standards were proposed. They 
have stood the test of time remarkably well, and we all owe a 
debt of gratitude to the people who devised them for doing such 
a fine job. With new techniques and larger display tubes a 
reconsideration of the standards is timely. The work done by 
the author provides another approach to the problem of making 
subjective measurements in an objective manner, and his paper 
is in this, and other ways, a valuable contribution. 

When further work is done along these lines, I think care is 
necessary to ensure that the people used are not previously con- 
ditioned by habitually viewing a certain size of tube. A number 
of children should also be included in the tests, as, in my experi- 
ence, these tend to sit closer to the display than their elders, and, 
if this were proved to be general, an age factor would have to be 
considered in choosing future standards. 

Colour television will have to come some time in the near future, 
and this forces us to reconsider television standards in any case. 

Mr. S. N. Watson: I have read the paper many times and I 
find that within itself the evidence presented is consistent and 
logical. But three important factors have either been omitted 
or need modifying. 
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First, the author has shown his viewers an insufficient range of 
types of picture. I can present evidence to show that, in a 
restricted bandwidth, one can, with certain types of picture, 
actually lose information which no moving about in the viewing 
distance can replace. Secondly, the author’s estimate of the 
equivalent rectangular bandwidth of his filter is too low. The 
third, and by far the most important, point is how much of the 
nominal bandwidth of a television system reaches the viewer in 
his house. My own opinion is that the average rectangular |) 
bandwidth which the British viewer gets is around 2 Mc/s. 
is no criticism of the designers and makers of the British tele- 
vision receiver. 
which produces this kind of answer. 

My own guess is that if you take these three factors together 


you come to something like twice the bandwidth estimated as— 
That brings us back more or less to 


necessary by the author. 
the television standards at present in use in Europe. 


There is also a fourth factor which is related to the three — 


mentioned already. This is the effect of distortions on the 
quality of pictures. The author has carried out a laboratory 
experiment, ignoring the difficulties of getting the laboratory 
picture to the home viewer; such things as noise, distortion due 


to vestigial reception, quadrature distortion, echoes on the — 


picture, etc., have been omitted. An attempt to use a low 
bandwidth for a high-speed scanning system would make such 
distortions very visible. 

To add to the statistics, I have the distances adopted by 
viewers in our recent colour tests. There were 300 observers using 
21 in receivers, the vast majority in homes. 9% adopted a value 


for V/H of 3:5, 65% of 5:5, 22% of 7-5, 3% of 9-5 and only 7@m 


greater than 9-5. The average of all taken together was 6. 

Mr. R. C. Winton: The paper is interesting because it deals 
mathematically with something which has hitherto been mainly 
empirical. 
times the height for the ideal viewing distance, and it is surprising 
that this is so near the figures quoted. 


Taking a total of 30 million viewers, the sampling rate on © 
which the observations are based is some 3 million to 1, which — 
seems remarkably low. How were the observers chosen? Was } 


anything known of the state of their eyesight or whether they 
were habitual viewers or cinemagoers? 

I doubt whether there is a public requirement for larger 
pictures in the home. The 17in set still constitutes 70°% of the 
market, although the 21 in tube has been available for three or 
four years. 


it will ever be more popular than the 17 in tube. 
The practical difficulty of spot-wobble is to prevent the wobble 
frequency interfering with the picture. The coil must radiate to 


do its job, and it is difficult to contain this radiation in the right | 


place. What suggestions has the author for incorporating spot- 
wobble into a marketable set which will not be too expensive? 


Dr. D. A. Maurice: The author has used his results as an 


attack on bandwidth: I should like to use them as an attack on 
interlacing. I think it has been greatly overrated; probably it 
was more effective in the early days when display screens were 
less bright than now. 

I want to refer to a paper* by Dr. Gilbert in which correlation 


between visibility of picture detail and visibility of grating — 


patterns was established. Using black-and-white test charts in 


an optical experiment, Dr. Gilbert found that, for a grating | 


pattern having a half-wavelength equal in dimension to that of 
the gap in a Landolt ring, the threshold of visibility occurred at 
a distance equal to four-thirds that for the threshold of visibility 


* GILBERT, M.: ‘Definition of Visual Acuity’, British J 1 
1953 37 or G6 y ritish Journal of Ophthalmology 


This } 


It is just a combination of practical factors « 


| 


For a long time we have worked to a figure of ten © 


The latter is less popular chiefly because of the size — 
of the cabinet and the high price, and I am very doubtful whether — 
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of the broken-ring detail, which other experimenters have found 
to be in accordance with detail in photographic reproductions. 
Dr. Gilbert then used a 405-line 6Mc/s sequential television 


| system and she found that, this time, the threshold viewing 
_ distance for the raster was approximately three-quarters of that 


for the picture detail. This is because the picture detail in such 
a television system, reckoned in terms of either horizontal or 
vertical resolution, has a dimension approximately equal to a 
wavelength of the raster pattern rather than a half-wavelength, 
as was assumed in the optical case. A 405-line 3 Mc/s interlaced 
system was next used, and in this case the threshold viewing 
distance for the raster was approximately 3/2 times that obtained 
for the picture detail. This drastic change in the ratios of the 
threshold distances is due to the greatly increased visibility of 
the interlaced raster owing to the fact that the eye is susceptible to 
flicker at 25 c/s when normal present-day viewing screens are used. 

Dr. Gilbert’s tests have shown beyond doubt that, although 
it is possible to enjoy to the full all the detail in a sequential 
television picture without seeing the raster, it is not possible to 
do so with an interlaced raster. 

It would seem from the author’s work that, when given the 
opportunity, viewers would sit at such a distance from the receiver 
that they would be unable to see the (interlaced) raster, and at 


such a distance, therefore, the horizontal resolution supplied by 


all present-day television systems would be unnecessarily great. 
Interlacing should be regarded as a low-cost fractional 
improvement which may be added to an otherwise adequate 
sequential television system. 
Mr. P. P. Eckersley: There appears to be a suggestion in the 
paper that it would be possible to reduce the bandwidth in which 


- television programmes are contained without serious loss to the 


' ‘viewer. 


The reduction of bandwidth must mean that less infor- 
mation would be conveyed, and while we may make the better 


| of a bad picture by moving away from it, it would seem pre- 
ferable to seek to improve the picture and invite its nearer view. 


Mr. E. Ribchester: I have carried out some measurements 


_ along the same lines as the author. 


Fig. B was produced using three 405-line standard receivers, 
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Fig. B 


aaving 14, 17 and 21in tubes. However, there was a slight 
difference which will be considered later. If you work out the 
ratio of V/H it is found to vary from about 5-7 to about 6°8. 
These figures are slightly lower than those shown by the author. 
Chere was one additional feature which was of interest, i.e. one 
viewer insisted on sitting about 20° off the axis. 

We now come to the significant point about the measure- 
nents. During the experiments none of the receivers was 
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switched on. This, I think, proves the point that you can 
produce consistent results, although they do not mean very 
much except perhaps that viewers have definitely conditioned 
themselves to 405-line pictures, probably of very doubtful quality. 
On examining the results in detail, I found that the people who 
were known to have the worst receivers at home sat the furthest 
away from the sets in the laboratory. 

Mr. W. N. Sproson: I should like to report briefly about two 
experiments. In the first, we attempted an appraisal of 405-line 
monochrome television. The receiver was a 21 in high-grade 
commercial one, 96 observers were used and the picture material 
was in the form of four outside broadcasts of sporting events. 
The observers were seated at four, six and eight times the picture 
height. The results show that the observers saw the scanning 
lines quite clearly, and furthermore, there is good negative 
correlation between line visibility and viewing distance. A slight 
extrapolation of these results gives the figure of nine times the 
picture height as the distance at which the lines are just per- 
ceptible. The figure of nine agrees well with the point of 
maximum rate of change of slope in Fig. 6 of the paper. I 
suggest that this is the parameter which the experiments yield, 
namely the distance at which the lines disappear. 

Correlation analysis applied to the 96 sets of results showed 
that there was no correlation between line visibility and overall 
assessment of picture quality. It would appear that, in this 
experiment, the line visibility was ignored by the observers and 
their picture appraisal was unaffected by it. 

The second experiment relates to the region between 1-5 and 
3 Mc/s, which the author thinks is of doubtful value. The pur- 
pose of this experiment was to determine the equivalent rect- 
angular bandwidth of a picture which is just perceptibly degraded 
as compared with a fully-resolved 3 Mc/s picture. The observers 
were seated at four times the picture height and the result was an 
equivalent rectangular bandwidth of 2°67 Mc/s. Thus, on those 
occasions when people do sit fairly close to a television screen, a 
bandwidth considerably in excess of 1-5 Mc/s is required. 

Mr. D. C. Birkinshaw: I have two comments on the paper. 
First, I join those who are drawing attention to the importance 
of the line structure in this investigation. The line structure 
must be categorized as a disability of most television pictures 
which we see to-day. One may not unfairly describe the current 
British television picture by saying that the transmitting authority 
radiates a 405-line interlaced picture which is displayed as an 
810-line interlaced picture consisting of the 405 lines of wanted 
information as transmitted interlaced with 405 lines of noisy 
black level. Thus the pictures possess a very obvious line struc- 
ture which must be regarded as interference and eliminated as 
we eliminate other forms of interference. 

Any observer employed in the author’s experiment must surely 
have been influenced in selecting where he would sit by the 
undesirable presence of the line structure. I would therefore 
have thought that-before the author conducted any experiments 
calculated to inform himself about the relation between viewing 
distance and picture quality, he would have cleared away the line 
structure. I agree that he has not ignored the matter in his 
special television experiments (indeed he mentions the resistance 
of observers to line structure in Section 5), but he does not con- 
sider it in his main experiments which preceded those in the 
‘special’ category. 

My second point concerns the Kell factor. This was 
developed as a coefficient in the formula for calculating band- 
width and intended to take account of the statistical distribution 
of fine detail in the ordinary run of pictures. The natural value 
of the Kell factor is 1-0, and the lower you make this factor, the 
more you are assuming that there will be an appreciable propor- 
tion of the pictures having detail so distributed as not to require 
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the full bandwidth. The lowest figure that I have previously 
seen suggested for the Kell factor is in the region of 0-65, and I 
should have thought that the value proposed by the author, i.e. 
0:42, was distinctly low and that the statistical detail distribution 
in normal television pictures could not support a Kell factor as 
low as this. 

Mr. P. J. Hewitt (communicated): While associated with the 
transmission of television signals, I naturally did much pro- 
gramme monitoring, and, in general, I agree that the distances 
measured by the author are typical for trained personnel. 

Among the general viewing public, however, I think that the 
points raised by speakers have a far greater effect on the location 
of viewers than technical considerations, which are seldom 
appreciated by the viewer anyway. 

Considering the pictures I see on my friends’ receivers, with 
their incorrect aspect ratio, poor focus, sound on vision and 
‘soot and whitewash’ effect, all of which are readily tolerated and 
eventually accepted as normal, I am convinced that a reduction 
in bandwidth would be noticed by only a few. It is the novelty 
and not the technical quality of a programme that attracts 
viewers; this is borne out by the success of the Eurovision trans- 
missions, many of which had appalling definition. The average 
programme surely does not make full use of the allotted spec- 
trum, and the only programmes that do must be the really high- 
definition films that are shown from time to time. 

Mr. M. W. Baldwin (United States: communicated): In the 
optical experiments, consistent and reproducible values of the 
viewing ratio V/H were obtained when the colour transparencies 
were sharply focused on the screens. It would be interesting 
to know what determined the viewing ratio in this ‘sharp-image’ 
case, either from statements of the observers or from the 
author’s knowledge of the apparatus. Is it possible that the 
‘sharp’ image was sufficiently ‘unsharp’ to be controlling? I 
think that it probably was not, and I would like to know about 
more subtle factors, like perspective and home-viewing habits. 
My real concern is for assurance that viewing ratio is a proper 
criterion of sharpness. 

I notice that the viewing ratio increases by about 50% when 
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the projector magnification is doubled, for constant screen height 
(26in) and constant brightness (one-quarter normal). This 


same increase is also evident for the 13 in screen, although in this | 
case the brightness drops from four to one times normal. Why | 


should the viewing ratio depend upon magnification ? 

In the experiments shown in Fig. 6 of the paper, there is clear 
indication that the author’s observers and my observers (Fig. 5 
of Reference 5) were not responding to the same aspect of 


picture quality. The author’s observers increased their viewing | 
ratio by about 30% when the number of lines changed from 625 | 
My observers | 


to 405, for bandwidths greater than 3 Mc/s. 
reported a change in subjective sharpness of less than 0-5 liminal 


unit under corresponding conditions (change from 8/5 to 5/8 for — 
A change so close to © 
threshold could hardly be responsible for a 30% change in- 
Therefore, I am afraid I cannot agree that my | 


the upper two curves of my Fig. 5). 


viewing ratio. 
Fig. 5 provides any confirmation for the view that there was a 
‘marked maximum’ when the ratio of vertical to horizontal 
resolution was varied around the equal-resolution condition. 

This leads me to wonder whether the juxtaposition of optical 
and television data, as in Fig. 6, is a reliable guide to numerical 
conclusions about scanning standards. Indeed, the same con- 
clusions are drawn (from Fig. 10 instead of Fig. 8) without 
using any optical data at all. 


In my opinion, the only evidence that viewing ratio is a proper — 


criterion of sharpness comes from the optical experiments, and I 
wonder whether it is good evidence. 
almost as much in response to a doubling of the magnification 


as it does in response to the pulling back of the projector from — 


sharp focus. (Viewing ratio increased 50% for doubling the 


magnification, and increased only 70% for pulling back to a | 


quality ‘somewhat better than a good 405-line television pic- 
ture’). 
reduce the sharpness to that extent. This explains my need for 
assurance that viewing ratio measures what you want it to, 
without undue influence from magnification, field size, per- 
spective, experience, or any other factor not directly related to 
scanning standards. 


THE AUTHOR’S REPLY TO THE ABOVE DISCUSSION 


Mr. L. C. Jesty (in reply): Messrs. Gouriet and Kilvington sug- 
gest that home-viewing conditions cannot reproduce the results 
obtained in the present experiments. Nevertheless their effect 
can be seen. Viewers frequently reject 21 in receivers in favour 
of 17in ones because the picture proves ‘too liney’. A change 
to 625 lines would permit 27in receivers to be exchanged for 
17in ones without discomfort (see Fig. 2 of the short review* of 
the paper). This is fully supported by experience with u.h-f. 
625-line tests currently radiated by the B.B.C. 

As expected, the greatest discrepancy between Fig. A and the 
present data is for the largest picture size. The largest recorded 
in the 83 questionaries was 134in, and there were very few of 
these. Mr. Gouriet gives data for a height of 1Sin. This surely 
represents a very small number of observations and is not likely 
to be reliable. 

Messrs. Gouriet and Watson discuss filter characteristics. As 
pointed out at the end of Section 4 this is a matter for further 
investigation. If the values used in the paper are increased by 
25%, which should eliminate ringing, the optimum 1-1 Mc/s 
bandwidth for 405 lines given by Fig. 6 still does not reach 
1-5 Mc/s. 

Messrs. Watson and Kilvington comment on the limited range 
of pictures used. When the data were broken down ‘picture 

* Journal I.E.E., 1958, 4, p. 189. 


wise’ there did not appear to be any significant difference due to © 


picture content. 

Dr. Maurice, supported by Mr. James, makes some very 
potent comments about the deficiencies of interlacing. I 
heartily agree. As pointed out, attention to decay charac- 
teristics of receiver screens and future receiver storage displays 
may yield great benefit to picture quality on existing standards. 
Mr. Birkinshaw’s comments relate to this point. One cannot 
eliminate the line structure in considering television pictures. 
The ‘natural’ value for the Kell factor is more like 0-7 than 
1:0 owing to the quantizing effect of the lines. If these are 
interlaced, apparently it is still further reduced. 

A number of speakers have commented on the spot-wobble 
experiments. The paper referred to by Dr. Thompson supports 
the present findings, but the effect of the American 60 fields/sec 
system on persistence of vision may be more important than has 
hitherto been realized. The request for a simple non-radiating 
spot-wobble is met by Dr. Thompson’s split-anode tube. 
Cylindrical defocusing has not proved very effective, probably 
because spot-wobble can be adjusted to give each line the 
appearance of two [see Fig. 30(c) of Reference 1], thus eliminating 
line crawling. 

I am glad to have Mr. James’s support for a 1-5 Mc/s picture. 
His suggestion that line structure might be too visible in the 


The viewing ratio changes — 


I do not think that doubling the magnification should © 
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{405-line experiments is met by the spot-wobble tests, which did 
(not approach 625-line quality even at 3 Mc/s bandwidth. 

Mr. Watson discusses the desirability of allowing for some loss 
‘in transmission. It is standard motion-picture practice to 
) produce a ‘perfect’ negative and allow the maximum tolerances 
rin subsequent processing and projection. This is equivalent to 
‘the ‘cheap roll-off characteristic’ referred to in Section 5(e). 
) Standards should be chosen so that expensive receivers can 
\ realize the full performance. Supply and demand will settle the 
\ lower limit. 

Mr. Winton queries the reliability of relatively small numbers 
D of observers to represent 30 million. It is a sad reflection on our 
q (lack of) individuality that they have already proved to be so in 
‘numerous similar instances. Of course, one has to avoid 
+ choosing a team with fervently dedicated views. 
Mr. Fleming-Williams points out that the advent of larger 
{ pictures opens the way to higher standards of definition. Already 
the 110° tube is eliminating the receiver cabinet as a controlling 
factor. Mr. Eckersley wants better pictures in preference to 
¢ economical channels. I am delighted. With his penetrating 
¢ eye he has unmasked my objective. 

I am greatly intrigued by Mr. Ribchester’s experiment with 
{ Slank screens, and delighted to find confirmation that viewing 
distance increases with size, when information remains constant. 

Mr. Sprosen’s experiments used a fixed viewing distance. 
Our own showed repeatedly the zest with which observers pulled 
their chairs closer to a well-defined picture. It is now difficult 
to see the value of maintaining a fixed distance, which inevitably 
results in unrealistic saturating liminal characteristics. Close 
' viewing of 405-line pictures obviously needs more than 1-5 Mc/s 
| bandwidth, but it would appear that the average viewer does not 
' want to sit close to such a picture even with unlimited bandwidth. 

Mr. Hewitt stresses the overriding importance of programme 
' material, and once the television receiver is installed this is 

undoubtedly true. Technical standards have their place, how- 
| ever, and the average man has no difficulty in choosing a receiver 

which gives a superior performance. 

Mr. Baldwin raises two pertinent queries—what are the effects 
of perspective and habit? The height of picture used on the 
colour transparencies was 20-5mm. The ‘Whitehall’ picture 
- was taken with a 50mm lens, and it is highly probable that the 

three N.T.S.C. pictures were similarly photographed. The value 

of V/H for correct perspective would therefore be 50/20-5 = 2:5. 

Values obtained in the experiments range from 4-1 (Fig. 2) to 

more than 18 (Fig. 6). It seems unlikely, therefore, that perspec- 
tive played any serious part. Cinema and television viewers are, 
in fact, quite acclimatized to wide changes. I have never 
observed any tendency for them to push their chairs back when 
suddenly presented with a very foreshortened view of a cricket 
pitch. With regard to habit, 405-line pictures are apparently 
viewed at eight to nine times the picture height in the home. The 

fact that the experimental data are so self-consistent and that a 

good 625-line picture or sharp optical projection gave values 
very much less than this shows that, if anything, observers’ habits 
re governed mostly by the information content in the picture. 

At the completion of the experiments a questionary was circulated 
asking the observers how they arrived at their chosen viewing 
distance. Up to this time no suggestion had been made to 
‘hem. They had only been invited to try going nearer and 
further away. Their replies contain such statements as ‘recon- 
ziling viewing angle with definition’, ‘balancing viewing angle 
and sharpness’, ‘tended to stand further back when the picture 
vas blurred or the lines showed more clearly’. 
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Owing to the necessity for compressing data for publication 
the derivation of Figs. 6, 8 and 10 may have been over-simplified. 
Fig. C shows this in more detail. The curves are the best fit to 
the experimental points and the flying-spot and image-orthicon 


10 


Fig C 


—--- 44in image orthicon chain, 


Flying-spot scanner. 


data for 405 lines have been separated. Four dotted lines are 
shown joining ‘corresponding’ points on the 625- and 405-line 
flying-spot curves. The bandwidth ratio of each pair was been 
deliberately chosen to be (625/405)?, so that, whatever the ratio 
of horizontal to vertical resolution, it remains the same for each 
pair of points. That is to say, the definition has been scaled up 
exactly in proportion horizontally and vertically in going from 
405 to 625 lines along each dotted line. This is analogous to 
the second series of optical experiments (Fig. 5). It will be seen 
that the slope of the four dotted lines is practically the same, so 
that, whatever the absolute ratio of horizontal to vertical resolu- 
tion, the observers always move nearer in the same ratio. The 
average ‘slope’ is —2-:21. The optical experiments (Fig. 5) gave 
—2-46. By carrying out the procedure used to derive Figs. 8 and 
10, and varying the slope of the tangent line deliberately, an 
estimate was made of its most probable slope on the basis that 
this would give the maximum number of points falling inside the 
chosen statistical limits. This was —2:2. If this lower value 
is chosen for the television experiments, the optimum bandwidth 
for higher-definition systems becomes even lower than indicated. 

The suggestion that Mr. Baldwin’s observers and our own were 
not responding to the same aspect of picture quality is the subject 
for a paper in itself. Both experiments showed that, as the ratio 
of vertical to horizontal resolution is changed, viewer reaction 
goes through a maximum, but more sharply defined in the present 
experiments. This greater sensitivity of the observers is probably 
due to their being free to move rather than appraising the pictures 
at a fixed distance. As picture quality is progressively increased, 
they come steadily closer without apparent limit, whereas if they 
are viewing at a fixed distance, their grading of the picture rapidly 
reaches saturation. It seems obvious that variable viewing dis- 
tance should give greater sensitivity and a smaller limen. Some 
experiments recently initiated indicate that such a limen is less 
than half that obtained from fixed viewing experiments. 
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SUMMARY 


Among the test signals used for measuring the transmission per- 
formance of television links are ‘sine-squared’ and ‘smoothed-bar’ 
pulses. The paper gives details of the design of a test-signal generator 
which, at the line-frequency repetition rate, produces a composite 
waveform consisting of a sine-squared pulse, a smoothed-bar pulse 
and a normal line-synchronizing pulse. The sine-squared pulse may 
have a half-amplitude duration of either T or 2T, as selected by a 
switch, where 1/2T is the nominal upper frequency of interest in the 
television system (e.g. 3 Mc/s in the British 405-line system). The 
bar pulse has a duration of approximately one-half of the line period 
and has transitions of ‘integrated sine-squared’ shape. 

To facilitate precise measurements the generator has been designed 
with particular emphasis on stability of waveform shape and freedom 
from jitter. 

Consideration is also given to analogous test signals for colour- 
television systems. 


(1) INTRODUCTION 


Setting-up and maintenance operations on point-to-point 
television links are simplified and put on a more rational basis 
if the video transmission performance limits are specified in 
terms of waveform responses instead of steady-state attenua- 
tion/frequency and phase/frequency characteristics. A method 
of placing limits on the responses of a link to a standardized set 
of test waveforms has been described by Lewis! and this method 
has been successfully adopted by the Post Office with a conse- 
quent reduction in both setting-up and maintenance costs. In 
this method restrictions are placed on a number of different 
features of the waveform response and the limits are expressed 
in terms of a rating factor, K, whose numerical value is chosen 
to suit the degree of stringency appropriate to any class of link. 
The test signals required include a sine-squared pulse of specified 
duration and a ‘smoothed’ half-line bar. After indicating 
briefly some of the properties of such signals, the paper describes 
a generator for producing them in a stable and reproducible 
manner. 

The properties and advantages of the sine-squared pulse as a 
test signal for television links have been adequately described 
previously,” and it is sufficient to say here that the sine-squared 
pulse of half-amplitude duration T, where T is the reciprocal of 
twice the nominal upper cut-off frequency of the link 
(0-17microsec for a 3 Mc/s link), provides a convenient signal 
for measuring distortions at the upper end of the frequency 
band. For routine tests, a pulse of half-amplitude duration 
2T (0-33 microsec for a 3 Mc/s link) is also desirable, since a pulse 
of this duration should be transmitted without change of shape. 
This property simplifies the use of masks for the delineation of 
distortion limits. 

A step-function type of signal is also required for the measure- 
ment of distortions in the lower part of the frequency band, and 
it is convenient to use for this purpose a rectangular pulse or 
‘bar’ waveform whose duration is approximately equal to one- 
half of the effective line period. For most purposes it is desirable 
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that the shape and rise time of the bar transitions should be 
controlled.> © 
squared shape defined by 


t 
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where 0 < t < 27,7 is the half-amplitude duration of the corre- 
sponding sine-squared pulse, and wu is a variable of integration. 
The rise time of the integrated sine-squared transition between 
the 10% and 90% points is 0-967. A bar pulse with transitions 
of this shape can be generated by passing a rectangular pulse of 
suitable duration through a sine-squared pulse-shaping network 


of the type previously described for sine-squared pulse genera- © 


tion,” the response of such a network to a step function being 
the integral of its impulse response. To ensure that the transi- 
tions are controlled by the network, the rise time of the input 
pulse should be short, preferably not greater than 7/5. The 
calculated impulse and step responses of the network used are 
shown in Fig. 1. 


Fig. 1.—Calculated response of sine-squared pulse-shaping network. 


(a) To ideal impulse. 
(6) To ideal step. 


It is obviously economical to use the same network for shaping 
the sine-squared pulse and the bar edges—a fact which suggests 
the generation of a combined waveform. In addition to being 
economical, the combined pulse-and-bar waveform has the 
important practical advantage of facilitating the measurement of 
changes in the relative amplitudes of pulse and bar caused by 
transmission over an imperfect link. This form of distortion, 
which is one of the features measured in the determination of 
the rating factor of a link,! corresponds to an error in the 
brightness with which fine detail is reproduced in a television 
picture as compared with the brightness of large areas of uniform 
tone. In addition to its use as a measure of link distortion, the 
change in bar/pulse amplitude ratio has been found to be a 
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A. suitable transition has the integrated sine- 1 
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(particularly useful and sensitive criterion in the alignment of 
certain types of video amplifier and in similar applications. 

On certain types of television link’~® line-synchronizing pulses 
are required for supervisory or control purposes and conse- 
jquently should be included with the test waveform. Provided 
that they can be generated so that they are free from jitter 

relative to the other parts of the waveform, they also provide 
tthe most satisfactory method of starting the oscillograph sweep 
in sufficient time to permit the display of all the distortion which 
may occur before the main lobe of the sine-squared pulse or 
jeither transition of the bar. 

The paper describes a pulse-and-bar waveform generator for 
juse with the 405-line 3 Mc/s television system, which has been 
‘designed to provide a waveform consisting of three interlaced 
\pulse trains, each with the same repetition frequency (10kc/s) 
and accurately locked in time to avoid jitter. The pulse trains are 
(a) 10 microsec synchronizing pulses, (b) sine-squared pulses of 
half-amplitude duration T (0-17 microsec) or 2T (0-33 microsec), 
-and(c) bar pulses of 40 microsec duration, with edges of integrated 
| sine-squared shape controlled by the networks used to shape the 
sine-squared pulses. The generator delivers a waveform of 
i volt d.a.p. into a 75-ohm load, with the usual 70 : 30 ratio 
between picture and synchronizing signals. The output impe- 
dance of the generator is also 75 ohms, and variations of load 
1 impedance do not affect the shape of the generated waveform. 


(2) OUTLINE OF CIRCUIT ARRANGEMENT 

One requirement for the generator which plays a dominant 
/ part in determining the form of circuit arrangement used is that 
‘the synchronizing pulses should be suitable for triggering an 
| oscillograph time-base which may be adjusted to examine any 
| part of the waveform. This imposes a very severe restriction 
| on the amount of jitter which can be permitted in the interval 
' between the synchronizing pulse, the sine-squared pulse and both 
edges of the bar pulse. The maximum sweep speed required for 
“use with this waveform is about 10cm/microsec on a normal- 
_ sized cathode-ray tube. If the effective line width of the trace is 
about 0-2mm, the maximum jitter of the signal which will not 
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seriously increase the line width is about 1 millimicrosec. This 
time stability must be maintained for delays up to about 
80 microsec from the synchronizing pulse and so the short-term 
time-stability required is about 1 part in 10°. This timing 
accuracy is required at five points in the complete waveform 
which can all be separated by integral multiples of 10 microsec. 
A 100kc/s oscillator of good phase stability is therefore used to 
generate a train of steep-fronted pulses at 10 microsec intervals 
which determine the timed points of the output waveform. The 
continuous train of pulses at 100 kc/s is separated into five trains 
at 10kc/s repetition frequency by a time-selection process, and 
these trains are used to control the timing of the output wave- 
form. The method can now be described in greater detail with 
the aid of the block diagram in Fig. 2 and the timing chart in 
Fig. 3. 

The output of a 100kc/s LC oscillator triggers a narrow-pulse 
blocking oscillator which has two outputs. One of these outputs 
drives (via a diode gate which suppresses every ninth pulse) a 
blocking oscillator which divides by 10 to give pulses for trigger- 
ing another blocking oscillator whose output is a train of pulses 
of about 10 microsec duration also at a repetition frequency of 
10kc/s. These pulses, which are called ‘gating pulses’, are sent 
into a lumped-constant electrical delay line whose effective length 
is 100microsec. At each tapping on the delay line a gating pulse 
is available to operate a crystal-diode coincidence gate. The 
gating pulses open gates 1—5 and close gate 6 at appropriate times. 

To form the trains of timing pulses, five separate outputs are 
taken from the delay line and each is fed to one of 5 gates; thus 
each gate can be opened once every 100 microsec at a prede- 
termined time which is arranged to overlap the time of a 
narrow pulse from the 100kc/s blocking oscillator applied 
to the other input to the gates, and the output of each gate 
is therefore a narrow pulse selected from the 100kc/s pulse 
train. The five trains of timing pulses in a suitable order are 
used to time the transitions of the output-pulse generators. 
It should be noted that the time stability of the pulses at the 
output of the gates is dependent only on that of the 100kc/s 
pulse train from the 100kc/s blocking oscillator. Variations of 
timing in the divider, the gating-pulse blocking oscillator and 


TIMING - PULSE GENERATOR 


1Ous 20s 


GATING ~ PULSE 
GENERATOR 


{OOkc/s p.r-f. 
BLOCKING 
OSCILLATOR 
, 
@ATE Nos. 
2345 1 


| 
TIMING RELATIVE TO DIVIDER PULSE 


JE escalator 
! 


WAVEFORM GENERATORS ——-LSHAPING NETWORKS-+-— OUTPUT CIRCUIT—4 


' IMPULSE 
! BLOCKING 


! 
! 
! 
| 
| 
| 
| 
| 
| 
| 
| 
{ 
| 
| 
! 
{ 
| 
I 
l 
| 


ISYNCHRONIZING = SYNCHRONIZING' 
PULSE PULSE 
TRIGGER SLICER 


1 
| 
| 
\ 
| 

ies 


| BAR- PULSE BAR-PULSE 
TRIGGER SLICER 


Pe 


| 
! 
| 
| 
| 


Fig. 2.—Block diagram. 


442 MACDIARMID AND PHILLIPS: A PULSE-AND-BAR WAVEFORM 


lOOkc/s PRF. BLOCKING 

OSCILLATOR 

one CTT | 
GATING - PULSE UH 


GENERATOR rT | 
PULSE TO OPEN GATE | | 
OUTPUT FROM GATE | 


PULSE TO OPEN GATE 2 


F 

OUTPUT FROM GATE 2 anneade 
PULSE TO OPEN GATE 3 FAaaa 
OUTPUT FROM GATE 3 ane tnannnan 
PULSE TO OPEN GATE4 BEeaa 
OUTPUT FROM GATE 4. 
PULSE 70 OPEN ces HM | 
OUTPUT FROM GATE 5 ALLL | 

| 
PULSE TO SHUT GATE6 TELL LT 
OUTPUT FROM GATE 6 HELL 
weuscogoemwe LTT TTT 
TT 


: 


SYNCHRONIZING~ PULSE 
TRIGGER (Vs) 


BAR-PULSE TRIGGER (V4) 


OUTPUT WAVEFORM 


: 


Fig. 3.—Timing chart. 


the delay line will not affect any gate output, provided they are 
not so great as to prevent the coincidence of the gating pulse 
and the appropriate narrow pulse at the gate. 

The outputs of gates 3 and 4 are 10 microsec apart, and they 
alternately change the state of a bistable trigger whose output is 
a negative-polarity pulse of 10microsec duration, which is fed 
to a slicer, giving the synchronization-pulse component of the 
output waveform. The output of gate 5 occurs 10microsec 
after that of gate 4, and triggers an ‘impulse’ blocking oscillator 
which provides the driving pulse for the sine-squared pulse com- 
ponent of the output waveform. The output of gate 1 occurs 
30 microsec after that of gate 4, and the outputs of gates 1 and 2 
are spaced 40 microsec apart. These pulses are used alternately 
to change the state of a bistable trigger whose output is a 
40 microsec positive-polarity pulse which is fed to a slicer, giving 
the ‘bar’ component of the output waveform. 

The three component pulse trains are then combined in a sine- 
squared shaping network in such a way as to give the required 
output waveform and at the same time to meet the requirements 
for the output voltage and impedance which were stated in the 
preceding Section. Experience has shown that, when the output 
is taken from the sine-squared shaping network,” a masking pad 
of at least 7dB, and preferably about 18 dB, loss is required to 
avoid distortion of the pulse shape when the generator is con- 
nected to networks whose impedance varies with frequency. 
This presents no great difficulty when only a sine-squared pulse 
is required, but when the bar and synchronizing-pulse waveforms 
are also required, and where the rise time of the bar waveform 
must be very short, it becomes difficult and extravagant in power 
supplies to use this method. The bar and synchronizing-pulse 
trains are therefore connected to the input of the appropriate 
pulse-shaping network from high-impedance low-level circuits 
and the combined output from the network is connected to a 
high-quality video amplifier of about 8dB gain. The amplifier 
provides the required 75-ohm output impedance and gives the 


necessary isolation between the load and the sine-squared | 
shaping network. ij 


(3) CIRCUIT DETAILS 


(3.1) Timing Generator 

(3.1.1) Generation of Timing Pulses. | 

The 100kc/s train of timing pulses controls directly the timing |) 
of the output waveform and must therefore be as free from jitter) 
as possible. This requires an oscillator of good short-term phase 
stability, the generation of pulses with very short rise-times, and 
the choice of circuits which minimize the possibility of the timing ie 
or amplitude of the pulses being modified by residual ripple in ~ 
the power supplies. Fig. 4 shows the circuit chosen, which uses 


+300V +300V 
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Fig. 4.—Timing generator showing 100 ke/s oscillator (V1) and 100 ke/s |) 
blocking oscillator (V2). f 


a cathode-tap Hartley oscillator, V,, arranged to trigger a’ 
blocking oscillator, V,. The oscillator operates in the class-C 
mode and the bias across the grid leak is such that the valve is cut |: 
off during the greater part of the cycle; the current therefore flows 
only in short pulses which are derived from the tips of a sine © 
wave. The duration of the current pulse should be as short as > 
is practicable. An approximate analysis of the circuit shows 
the duration to be a function of n?/(n — 1)Rp, where n is deter-_ 
mined by the position of the tapping on the coil and Rp is the | 
effective dynamic resistance of the tuned circuit, including the | 
effects of grid-current damping. Frequency-stability require- » 
ments set a practical upper limit on Rp; n*/(n — 1) is a minimum | 
with n = 2, i.e. with a centre-tapped coil. The use of this value | 
of n in the present case leads to an excessive voltage swing on the | 
cathode, which would considerably reduce the magnitude of the | 
output pulse because an unlimited screen-voltage supply is not — 
available. A value of n = 4 was therefore chosen, because this — 
reduces the peak cathode voltage to one-third of the value when 
n = 2 and increases the pulse width by only about 12%. With | 
the values chosen the amplitude of the sine wave across the tuned | 
circuit is 300 volts d.a.p. giving a cathode voltage of 75 volts | 
d.a.p. and an anode-current pulse of approximately 1 microsec — 
duration (measured at its base). 

A high Q-factor in the oscillator tuned circuit is an essential . 
for good phase stability and it is worth remarking that the large 
signal across the ferrite-cored inductor L, reduces its Q-factor — 
to 60% of the small-signal value of 260. 

The anode of the oscillator valve is connected to the anode | 
of a blocking oscillator, V, which is normally held at cut-off. A | 
current pulse received from the oscillator causes the blocking- _ 
oscillator anode voltage to fall, with a consequent rise in grid 
voltage, owing to the 1 : 1 coupling transformer. When the grid 
voltage has reached the point where the loop gain of the circuit © 
is unity, regeneration takes place and a short current pulse flows — 
through the valve.2__ A pulse of some 50 volts amplitude with a 
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3.1.2) Generation of Gating Pulses. 


As indicated in Section 2, the gating pulses, which are of 
‘0kc/s repetition frequency and wide enough to overlap one 
wulse from the 100kc/s blocking oscillator, are obtained by 
susing a frequency divider driving a gating-pulse blocking 
soscillator. The circuit arrangement is shown in Fig. 5. 


_. Fig. 5.—Timing generator showing frequency divider (V3), buffer 
(V3) and 10kc/s gating pulse generator (V4). 


The divider is a free-running blocking oscillator, V3,4, with a 
‘natural period of about 100microsec, synchronized by every 
tenth pulse from the 100kc/s blocking oscillator. The grid 
‘time-constant of the divider is adjustable by means of the 
| preset variable resistor RV,, to allow for differences in valves 
and to enable the correct division ratio to be set up. To 
stabilize the divider against deterioration of the valve with 
age and also against reduction of supply voltages (the two 
“most common causes of change of division ratio), every ninth 
pulse of the input from the 100kc/s blocking oscillator is sup- 
pressed by gate 6 (see Section 3.1.3). Any tendency for the 
divider to lock on the ninth pulse is therefore eliminated, and a 
greater margin of stability is achieved. 
The gating-pulse blocking oscillator, V4, is triggered through 
a buffer stage, V3p, by pulses from the divider. The design of 
the blocking oscillator was based on Benjamin’s!? ‘sinh-sin’ mode 
and the nominal pulse width is 10 microsec. The grid capacitor, 
C7, is connected to the cathode to improve the stability of pulse 
width against supply-voltage changes. An auto-transformer, 
T,, is used to deliver the maximum pulse amplitude (about 
40 volts) into the delay line, and the capacitor C,g reduces high- 
frequency ringing caused by the auto-transformer. 
A total delay of 90 microsec is required in the delay line. To 
minimize the volume and cost of the delay line, the largest 
sracticable delay per section (with consequent narrow band- 
width) must be used in conjunction with the widest practi- 
sable gating pulse. The use of wide-tolerance paper capacitors 
end low-Q-factor inductors is also dictated by considerations of 
ost, and the consequent distortion of the pulse in its progress 
- own the line necessitates some compromise in the design band- 
vidth of the line and in the pulse width. These considerations 
‘od to the adoption of 10 microsec as the pulse width and 200 ke/s 
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as the nominal cut-off frequency of the line. The conventional 
type of lumped-constant line with mutually coupled coils is used 
and the nominal impedance is 100 ohms. 

A further reduction in volume is obtained by using a line of 
50 microsec length with a short-circuit termination. Thus, by 
using the reflected pulse, delays up to the longest required, i.e. 
90 microsec, can be achieved. The delay of 2microsec per 
section gives a sufficient number of tappings on the line to ensure 
that it is always possible to overlap any required 100kc/s pulse 
with a gating pulse. Because of the high dissipation of the line, 
owing to the inexpensive components used, the pulse attenuation 
is approximately 0-1 dB/microsec, and at the 40 and 70 microsec 
tappings step-up transformers are used to ensure that the gating 
pulses at these times are of sufficient amplitude to open gates 5 
and 1 (see Section 3.1.3) under all circumstances. The transformer 
on the 70 microsec tapping also inverts the pulse from the line, 
since the reflected (negative polarity) pulse is required, and the 
gates are opened only by positive pulses. 


(3.1.3) Gate Circuit. 


_ Each gate acts as a linear on/off switch'® and the output pulse 
is a replica of the selected input pulse. Fig. 6 shows the circuit 
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Fig. 6.—Diode gate circuit. 


arrangement in which the switching elements are point-contact 
germanium diodes, MR, and MRg. The train of 50-volt positive 
pulses of approximately 0-2 microsec half-amplitude duration 
from the 100 ke/s blocking oscillator constitutes the signal to the 
gate at terminal A. The bias V is chosen so that, with no positive 
gating pulse at terminal D but with a signal input at terminal A, 
MRg conducts and MR, is cut off. There is thus a low-impe- 
dance path presented to the signal via MRg, Cg and the delay 
line to earth, and the signal appearing at terminal B is so small 
that a negligible amplitude appears at terminal C, since the back 
resistance of MRg is greater than 1 megohm and the load resis- 
tance is 4-7 kilohms. However, when a positive gating pulse 
from the delay line appears at terminal D, the cathode potential 
of MR, rises and this diode is cut off. This reduces the current 
drawn from source V, the potential at terminal B rises, and 
MR, is then held ready to conduct, and when the next signal 
pulse occurs, it appears at the output terminal C. The output 
waveform is free from ‘pedestal’ because of the presence of 
MR,. For maximum output the cathode potential of MRg must 
rise by an amount at least as great as the amplitude of the 
selected signal pulse which appears at terminal B. 

Gate 6, which is introduced to improve the stability of the 
divider, is similar in circuit arrangement to the other gates, 
except that the capacitor C, is omitted and the bias voltage is 
zero. A positive bias is developed at the junction of Cg and 
MR; by rectification of the timing pulses applied to terminal A. 
This bias allows the timing pulses to be transmitted to terminal C 
with reasonably small attenuation in the absence of a negative 
gating pulse at terminal D. A negative pulse at terminal D 
causes conduction of MRg and non-conduction of MR, and so 
suppresses the appropriate timing pulse. 
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(3.2) Generation of Output Pulses 
(3.2.1) Synchronizing and Bar Pulses. 

Requirements for the bar pulse are that the leading and trailing 
edges should have rise times of 0-07 microsec or less and that the 
horizontals should be flat to within +0-2%. The synchro- 
nizing pulse should be well shaped. In practice it was found 
convenient to generate both pulses in a similar manner and Fig. 7 
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Fig. 7.—Waveform generator for bar or synchronizing pulse. 


Va Trigger. 
Vz Amplitude slicer. 


shows the circuit used for each. Vy, is a bistable cathode- 
coupled trigger!® with signal-injection diodes. The circuit is 
symmetrical and the use of a high-value resistor in the common 
cathode lead ensures reliable triggering with variations in valves 
and supply voltages.'? A current of 10mA is switched regenera- 
tively from one half of the valve to the other when a narrow 
positive pulse is received from the gate connected to terminal A 
or B. The output pulse amplitude is about 30 volts peak, the 
duration of the pulse being determined by the interval between 
the narrow pulses connected to terminals A and B. This wave- 
form is fed to Vg, and the bias voltage, Vz, is chosen to dispose 
the waveform symmetrically about —215 volts. Vx, acts as an 
amplitude slicer, and a clean pulse with a rise time less than 
0-04 microsec appears at the output terminal C. Ry controls 
the current in the valve and is adjusted to give the appropriate 
amplitude to each pulse, namely 0-15 volt for the synchronizing 
pulse and 0-35 volt for the bar pulse. 


(3.2.2) Sine-Squared Pulse. 


The sine-squared pulse is generated by feeding an impulse 
from a blocking oscillator into a shaping network (see Sec- 
tion 3.3). The blocking oscillator, shown in Fig. 8, is triggered 
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Fig. 8.—Impulse blocking oscillator and stabilizer. 
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by the pulses from gate 5 applied via the buffer valve Vio. 
receipt of the trigger pulse the blocking-oscillator valve Vi1) 
generates a pulse of about 25 volts amplitude and 35 millimicro- 
sec half-amplitude duration in the cathode load. The half- 
amplitude duration is determined mainly by C33 and by the’) 
design of the transformer T7. This mode of operation of the 
blocking oscillator has been described in some detail.” All 
conventional shunt voltage-stabilizer, V,, is included to stabilize | 
the pulse amplitude against changes in the h.t. supply. RV4)) 
permits manual control of the amplitude of the sine-squared 1 
pulse to be obtained with a range of approximately 6dB, so 
that a pulse-to-bar ratio of unity in the output waveform may be 
achieved with normal variations in the characteristics Sof the 
valves. 


(3.3) Pulse Mixing and Shaping 
The heart of the generator is the sine-squared pulse-shaping 
network, the design of which is derived from Solution 3 in the 
paper by Thomson.!! This network gives a slightly better 


approximation to the true sine-squared shape than that/originally 
used.2. The network is shown in Fig. 9 and its calculated impulse 


Value 
Component For half-ampli- | For half-ampli- Tolerance Q-factor} 
tude duration of | tude duration of 
1/6 microsec 1/3 microsec 
Yo 

Li 1-580 pH 3-159 pH ae > 70 
L2 0-308 wH 0-617 vH % > 50 
L3 3-091 pH - 6-182 pH api >100 
L4 3-035 vwH 6-069 wH aE 1 >100 
Cy 79-22 pF 158-4pF +2 
C2 2.168 pF 4335 pF +0:5 
C3 75-92 pF 151-8pF EP} 
C4 566:°4pF 1133pF +0-5 
(ey 166:4pF 332-9pF stay 
R2 1300 ohms 1300 ohms ae) 

5100 ohms 5100 ohms +5 


* I should be adjusted to make the insertion loss a maximum at 6-156 Mc/s for the - 
1/6 microsec network, and at 3-078 Mc/s for the 1/3 microsec network. 

+ The Q-factors should be measured at 4 Mc/s for the 1/6microsec network, and 
at 2 Mc/s for the 1/3 microsec network. : 

Note.—An allowance for stray capacitance should be made in the value of any 
capacitor if the total capacitance would otherwise exceed the given limit. 


and step responses are shown in Fig. 1. The Q-factors of the 
coils and the tolerances on components were chosen after 
experiment on a low-frequency model of the network. These 
experiments also showed that the ‘best’ pulse shape (i.e. that 
nearest the theoretical impulse response of the network) was 
obtained by making the network uniformly dissipative. To do 

this the Q-factor of each capacitor must be degraded to equal 

the harmonic mean of those of the coils; R, and Ry, perform this | 
function in the network. The values of the other capacitors are 
such that the addition of the appropriate resistors has negligible 
effect on pulse shape, and so they are omitted. 

The network is designed to work between resistive terminations 
which should be 75 ohms + 1%. To avoid excessive attenua- 
tion of the bar and synchronizing-pulse components of the 
waveform, these are fed directly from the anodes of the slicers 
to the input of the network, and the output of the network is 
connected, through a small masking pad (approximately 2-5 dB) 


and the switch, to the amplifier, whose input impedance is made 
75 ohms + 1%. A further pad is used at the input of the net- 
work to reduce the level of the impulse and give the correct 
amplitude of sine-squared pulse at the output of the network. 
This pad is in two parts, one on the blocking-oscillator side of 
ithe switch and the other on the network side, to reduce level 
(differences between the switch wafers. The part associated with 
the network has approximately 6dB greater loss for the T-pulse 
etwork than for the 2T network, to allow for the difference in 
“he shaping loss? of the networks. 

The anode impedance of the two slicer valves, together with 
‘he impedance of the connecting cable, is very nearly purely 
@apacitive. The effect of this is allowed for by an appropriate 
reduction of C3 in the network, allowance being made for wiring 
variations by adjustment of a trimmer. 


(3.4) Output Amplifier 


The gain required in the amplifier is about 8dB, to give a 
{-yolt d.a.p. waveform across 75 ohms at its output. The 
tircuit shown in Fig. 10 has two triode stages and a cathode- 
‘oliower output with overall negative feedback. Triodes have 
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seen found to be more suitable than pentodes in a low-gain 
video feedback amplifier. Cs; controls the high-frequency 
response, and it is adjusted so that there is no change in the T 
oulse-to-bar amplitude ratio from input to output of the ampli- 
jer, The input potential divider enables the gain to be set to 
give a 1-volt output signal. To allow for the manufacturing 
-olerance in the value of the variable resistor, Rjq9 is selected so 
hat, in combination with the variable resistor and Ryo, the 
input impedance is 75 ohms + 1%. The amplifier gain/fre- 
quency characteristic is flat to within 0-01dB up to 11 Mc/s. 
(The return loss of the output impedance against 75 ohms is 
“better than 30dB. The d.c. component at the output of the 
‘amplifier is about 2:25 volts across a 75-ohm load. 
Because the h.t. supply is unregulated, a valve smoothing 
Secuit, Vj4, is used in the h.t. feed to the amplifier to reduce 
ihm and also ‘bumping’ due to fluctuations in the mains supply. 
iThe circuit is based on the mutual-conductance bridge and has 
jeeen known for a long time.!4 The arrangement actually used, 
iS! own in Fig. 10, has a large amount of cathode degeneration,'° 
waich improves the stability of interference rejection against 
“y-viations in valve characteristics—by a factor of 14 in the present 
ice. The degeneration also increases the grid time-constant by 
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a factor of 6 which, for a modest grid capacitance, enables the 
circuit to deal with the slowest fluctations which are likely to 
cause trouble at the amplifier output. No adjustment has been 
found necessary to deal with initial tolerances or ageing of valves. 


(3.5) Power Supplies 


The circuits, with the exceptions already mentioned, are 
designed to function correctly with a reasonable variation of 
h.t. supply (+5 to —10°%) and a moderate amount of hum. 
This permits the use of an unregulated power supply, with 
consequent economy in cost, bulk and weight. One mains 
transformer feeds both positive and negative h.t. lines and the 
heaters. The h.t. power supplies are conventional full-wave 
valve-rectifier circuits with capacitive input smoothing filters. 
Since the negative line takes less current than the positive line, 
the transformer is tapped down to give a nominal 300 volts on 
the negative line under load. The current consumption on the 
+300-volt line is about 145mA, and on the —300-volt line, 
about 70mA. The ripple on the lines is approximately 0-15-volt 
d.a.p., which is sufficiently small to have no effect on the wave- 
form up to the input of the amplifier. The amplifier h.t. 
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Fig. 10.—Output amplifier. 


smoothing circuit reduces the ripple to negligible proportions, 
so that the waveform at the output of the generator is sub- 
stantially free from ripple. 


(4) PERFORMANCE 

Photographs of the output waveforms are shown in Fig. 11. 
In addition to showing the complete 2T waveform the photo- 
graphs show on expanded time scales the T and 27 sine-squared 
pulses, details of the 2T bar edges and a superimposed display 
of the 27 pulse and bar edge. The most sensitive indication of 
the correctness of the sine-squared pulse shape is given by the 
shape and magnitude of the first (negative) and second (positive) 
overshoots which follow the main lobe of the pulse and which 
should be similar to the calculated response shown in Fig. 1. 
Provided that the components in the shaping networks are set 
up to within the tolerances specified in Fig. 9 and the terminating 
impedances are correct, the pulse shape at the output of the unit 
is such that the first overshoot does not differ by more than 
+0:5% from its nominal value of about 0:9%, and the second 
overshoot by more than +0-25°% from its nominal value of 
about 0:4°%. The flatness of the bar top is better than 0:2%. 

The amplitude of the output waveform changes by less than 
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Fig. 11.—Pulse-and-bar waveforms for testing television links, 
Timing waves: (a), (6) and (d) are 6 Mc/s; (e) and (f) are 1 Mc/s. 


+2°% and the bar/pulse amplitude ratio changes by less than 
+1 when the mains supply voltage is varied by +5% from 
the nominal. 

The stability of the timing of the waveform depends on the 
frequency stability of the 100kc/s master oscillator. Tests on a 
typical production unit showed that the frequency change was 
less than 0-1°% for an ambient temperature change of 20-45° C, 
and at any temperature in this range the frequency did not 
change by more than +0-05% for a mains variation of +15% 
from the nominal. During these tests the unit was enclosed in 
a dust cover, which gives a greater internal temperature rise than 
the better-ventilated portable carrying case, and it is worth 
noting that all the circuits continued to operate satisfactorily 
even when the ambient temperature range was extended to 
0-50° C. 

The jitter of any part of the waveform relative to the synchro- 
nizing pulse is too small to measure, but is certainly less than 
1 millimicrosec. 

More than 100 generators of this type have been manufactured 
without any special difficulties, and the results show that the 
circuits are reproducible and that the output waveform does not 
vary significantly from unit to unit. 


(5) FURTHER DEVELOPMENTS 


The pulse-and-bar waveform generator described in the pre- 
vious Sections can be modified to test links for television systems 
on other standards by suitably scaling the frequency of the 
timing generator and/or the sine-squared shaping networks. It 
is also possible to use pulse-and-bar waveforms in an analogous 
manner for additional tests on links which may carry colour 
television signals. A brief description will now be given of two 
such modified generators which have been constructed. 


A PULSE-AND-BAR WAVEFORM 


(5.1) Generator for 625-Line 5Mc/s System 


This is a straightforward conversion for a 5 Mc/s system, where: 
the line repetition frequency is approximately 16kc/s and the 
T and 2T pulses are of 0-1 and 0-2microsec half-amplitude 
duration respectively. This generator differs from that detailed, 
in Sections 1—4 in that the main oscillator (Fig. 4) has a frequency) 
of 160kc/s, obtained by the appropriate change in L; and C; the 
divider (Fig. 5) has a repetition frequency of 16kc/s, obtained by’ 
alteration of the time-constant of the grid of V3,; the delay-line 
has an effective length of 62:5 microsec; the impulse feeding the 
sine-squared networks has a half-amplitude duration of 20 milli-| 
microsec, obtained by redesign of T; and change of Cg; (Fig. 8), 
and the components in the sine-squared shaping networks 
(Fig. 9) are scaled in value to give the 0-1 and 0-2microsec’ 
sine-squared responses. The waveforms obtained are, of course, 
similar to those shown in Fig. 11, with the appropriate time-scale: 
changes. 


(5.2) The Testing of Links for Colour Television 


Colour-television systems in which one or more sub-carriers. 
are included within the normal monochrome video band naturally 
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Fig. 12.—Pulse-and-bar waveforms for testing colour-television links) 
Timing waves: 1 Mc/s. 
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impose additional requirements upon the performance of the 
tinks. Although the response of a link to the normal pulse- 
yind-bar test signal includes information on distortions occurring 
in the vicinity of the sub-carrier frequencies, this information is 
xot in a form which can easily be interpreted in terms of distor- 
ions of the sub-carrier signals. However, a simple extension of 
‘he concepts of monochrome waveform testing enables the 
mportant linear distortions affecting colour signals to be 
measured directly. In this Section are given, to illustrate the 
erinciples, some brief details of test signals and methods which 
would be suitable for use with a colour television system of the 
N.T.S.C. type. 


{5.21) Test Signals. 


The proposed additional test signals are closely analogous to 
‘he normal pulse-and-bar signals; the essential principle is that 
(he sub-carrier is amplitude-modulated (double-sideband) by 
oulse-and-bar combinations whose 7 and 27 half-amplitude 
durations and rise times are chosen to suit the nominal band- 
width(s) of the chrominance channel. Fig. 12(a) shows how 
‘he modulated sub-carrier is raised on a pedestal between 
normal line-synchronizing pulses, and Fig. 12(b) shows the sine- 
uared pulse portion of the waveform on an expanded time 
‘cale. By operating a switch on the generator, the signal can 
se changed to that shown in Fig. 12(d), where alternate line 
Heriods contain the modulated sub-carrier waveform and the 
modulating (or ‘video’) waveform respectively. This arrange- 
ment enables the two waveforms to be superimposed on an 
oscillograph display if the time-base is triggered from every line- 
ynchronizing pulse. In the absence of distortion, the upper 
nalf-envelopes of the modulated sub-carrier elements are in 
»recise registration in both time and amplitude with the corre- 
‘ponding elements of the video waveform, as shown in Figs. 12(e) 
ind 12(f). 


15.2.2) Luminance-Channel Waveform Distortion. 

| Because the effects of waveform distortion on the luminance 
somponent of the N.T.S.C.-type signal are essentially the same 
iis those mentioned in Section 1 for the monochrome signal, the 
same methods of measurement can be used. Thus the normal 
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pulse-and-bar test signals, with values of T and 2T appropriate 
for the monochrome system, may be adopted for measuring the 
luminance-channel waveform distortion over the video spectrum 
from the line-repetition frequency upwards. 


(5.2.3) Chrominance-Channel Waveform Distortion. 


Modulated sub-carrier pulse-and-bar signals of the type shown 
in Figs. 12(a) and 12(b) are suitable for the measurement of 
waveform distortion in the chrominance channel. It is not 
necessary to demodulate this signal after transmission over a 
link, because it can be viewed directly on an oscillograph and 
because measurement of the distortion suffered by the sub-carrier 
envelope is considered to be an effective practical test. Rating 
factors can be applied in a manner similar to that outlined in 
Section 1. Fig. 12(c) shows an example of the effect of distortion 
on the sine-squared pulse portion of the waveform; it will be 
seen that the pulse is reduced in amplitude and is followed by a 
substantial ‘tail’. 


(5.2.4) Luminance-Chrominance Amplitude Inequality. 


Any disturbance of the relative amplitudes of the luminance 
and chrominance signals causes colours to be under- or over- 
saturated with respect to white. To test for this form of dis- 
tortion, the N.T.S.C. recommends, in effect, a comparison of the 
steady-state gain at the sub-carrier frequency with that at the 
line-repetition frequency. However, the amplitude inequality 
can be tested more directly with the test signal shown in Fig. 12(d) 
by comparing, in the superimposed display, the single-peak 
amplitude of one of the modulated sub-carrier elements with the 
amplitude of the corresponding video element. Fig. 12(g) shows 
an example of the effect of amplitude inequality on the sine- 
squared pulse portions of the waveform, but in practice it would 
be best to make the comparison at the mid-point of the bar 
portions, because this is equivalent to a comparison of large- 
area white and coloured portions of the picture. 


(5.2.5) Luminance-Chrominance Delay Inequality. 

Any difference between the transmission delays of the lumi- 
nance and chrominance signals causes a registration error in the 
colour picture. 


To test for this form of distortion the N.T.S.C. 
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13.—Block diagram of video and modulated sub-carrier pulse-and-bar generator. 
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recommends, in effect, a comparison of the steady-state envelope 
delay at the sub-carrier frequency with the average envelope delay 
of a band (50-200kc/s) near the line-repetition frequency. 
Again, as in the case of amplitude inequality, the delay inequality 
can be tested more directly with the test signal shown in 
Fig. 12(d). The method here proposed is to make a direct 
comparison of the timing, relative to the synchronizing pulse, 
of corresponding features of the modulated sub-carrier and 
video elements. The feature chosen for comparison could be 
either the peak (or, more precisely, the mid-half-amplitude point) 
of the sine-squared pulse or the half-amplitude point of one of 
the bar transitions. Fig. 12(h) shows an example of the effect 
of delay inequality on the sine-squared pulse portions of the 
waveforms. 

It will be appreciated that the waveform method not only 
obviates the need for the difficult measurement of average 
envelope delay near the line-repetition frequency, but gives a 
direct test of what should be the chief point of interest, namely 
the time coincidence of associated luminance and chrominance 
information. 


(5.2.6) Test-Signal Generator. 

The waveforms shown in Fig. 12 were produced by an experi- 
mental generator made, as indicated in the block schematic in 
Fig. 13, by modifying a normal pulse-and-bar generator and 
adding certain units. The shaping networks were changed to 
give T and 2T half-amplitude durations and rise times of 4/3 and 
8/3 microsec respectively to suit a possible 405-line scaled-down 
N.T.S.C. system with a sub-carrier frequency of 2:66 Mc/s. 
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SUMMARY 


‘The paper forms the first part of two papers on efficiency and 
ciprocity in pulse-amplitude modulation. A method of converting 
‘iow-frequency signal into a modulated pulse train and back again, 
‘th low power loss, provides multiplex communication on a 2-wire 
isis, without amplifiers. In principle, lossless 2-way channels with 
pandwidth of half the sampling rate are feasible. The paper furnishes 
theoretical study of the transmission properties of such channels. 


(1) INTRODUCTION 


‘Modulation methods are usually judged according to the 
€siency with which they convey signal information rather than 
enal power. This is defensible in communication systems 
there the primary problem is to combat noise or interference, 
ad the provision of amplifiers is, technically and economically, 
aly a small part of the whole. In the application of multiplex 
ethods to telephone switching, however, the signal is not 
egraded by a long, noisy and band-limited path: the primary 
‘quirements are economy and reliability, the need for which is 
yen greater than in most other communication systems because 
f the large quantities of apparatus used. A method for con- 
»ying signal power through the entire path with low loss, trans- 
yrming from audio-frequency signals to a modulated pulse train 
ad back again to audio in an efficient manner, permits sub- 
antial reduction in apparatus. The method which has evolved 
uring this study also offers improvements in crosstalk margin, 
ain stability, and, when noisy devices such as transistors are 
sed, in noise level. 


(2) PHYSICAL PRINCIPLES 


(2.1) Efficiency 


The processes of pulse modulation and demodulation are 
sually performed in a very inefficient manner, in that (a) since 
sample of short duration is drawn from the source, the available 
ower of the source must be greatly in excess of the pulse power 
btained, and (4) since only the signal-frequency component of 
ie received pulse is utilized in the receiver, only a small fraction 
f the pulse power is reconverted into signal. Communication 
ystems therefore employ circuits which, whether they are simple 
mplifiers or more sophisticated devices, effectively give a very 
igh power gain. With valves, the performance can be obtained 
t the cost of more apparatus: with transistors, the performance 
1ay be difficult to obtain at all. 

The approach in the present study is to make the modulation 
=) demodulation processes inherently very efficient, so that little 
r 20 amplification is required in other parts of the system, ies 

continuous signal is to be converted into a modulated pulse 
«n of substantially the same mean power, and the pulse train 
ir reconverted to continuous signal. The principle is appli- 
ihe only to systems in which the energy of a pulse is proportional 


Mr. Cattermole is with Standard Telecommunication Laboratories Ltd. 


to the power of the modulating signal, and at present only pulse- 
amplitude modulation (p.a.m.) has been used. 

In simple p.a.m. the modulator is effectively a sampling switch, 
as § in Fig. 1, which is periodically closed for a short time, say a 
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Fig. 1.—Simple p.a.m. transmission system. 


fraction 1/A of the interval between successive closures. The 
mean power contained in the pulse train is at most a fraction 
1/A of the available power from the audio source. The receiving 
filter extracts the audio component, whose power is at most 1/A 
of the mean power in the pulse train. Somewhere in the chain, 
therefore, a gain of A* must be provided. In practice, A will be 
in the region 50 to 100, for a 25-channel signal. 

Efficient p.a.m. uses storage reactances which may be charged 
and discharged at different rates. In a modulator, the store is 
charged by a substantially smooth flow of power from the signal 
source, and discharged rapidly in the form of a short pulse. In 
a demodulator, the store is charged by a pulse of energy, and 
discharged to provide a substantially smooth flow of power. 
Thus, a modulator or demodulator consists essentially of a 
passive reactance network which may be connected by an elec- 
tronic switch alternately to two circuits, a source and a load, 
with different time-constants in the two connections. In practice, 
the circuit with long time-constant is permanently connected, and 
that with short time-constant is periodically connected to obtain 
an impulsive charge or discharge, so that the basic circuit is as 
shown in Fig. 2. 
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Fig. 2.—Storage p.a.m. transmission system. 


The idea of reactance storage is, of course, an old one: it is 
the basis of delay-line pulse generators. However, the applica- 
tion to efficient communication is novel and promises to be very 
fruitful. 


(2.2) Storage Networks and Transmission Performance 


Detailed analysis of networks with periodic switch connection 
has revealed the ultimate limits to the transmission performance 
obtainable, a method of synthesizing storage networks to 
approach this ideal limit, and a method of calculating the overall 
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transmission with any given storage network. The theory has 
been confirmed by a variety of experimental evidence, some of 
which is described in a companion paper.!3 

Before going into details, we summarize the results of _the 
study. It is possible, in principle, to transmit signals within a 
bandwidth equal to half the sampling rate entirely without loss. 
The storage network required is then a delay-line section (or 
tuned circuit) chosen to provide a short square pulse (or half- 
cosine pulse) on discharge, which also constitutes the terminal 
capacitance of an asymmetrical low-pass filter with a suitable 
insertion-loss specification (Fig. 3). The transmission obtained 
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Fig. 3.—Storage network. 
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Fig. 4.—Transmission level as a function of frequency. 
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Fig. 5.—Charge, discharge and transfer waveforms. 


depends on the complexity of the filter, approaching the theo- 
retical limit more closely as the number of elements is increased 
(Fig. 4). Loss occurs not only through imperfection of the 
storage network but also through dissipation in the electronic 
switch. Experimentally, the best result obtained so far is a loss 
of about 2dB, substantially constant over a 4kc/s band with 
10kc/s sampling. 

The waveforms observed at various points are shown in Fig. 5, 
for the case where delay lines are used in the storage networks. 
It is clear that current is being drawn from the audio source 
and fed to the audio load almost continuously, whereas current 
in the pulse path is concentrated into a short period. Charge 
accumulates slowly in the transmitting store, is transferred com- 
pletely to the receiving store by a pulse of current and is then 
released slowly into the load. 

The waveforms obtained with tuned circuits instead of delay 
lines in the stores are generally similar, except that the current 
pulse is a half-cosine wave and the steps in the waveform are 


replaced by smooth transitions. This is advantageous in that i) 
reduces the bandwidth occupied by the signal, enables the effec’) 
of shunt capacitance on the common line to be reduced (or evei), 
annulled, with certain combinations of circuit parameters) anc) 
of course, uses fewer components. It has the drawback tha) 
larger peak power is required to transmit a given mean signa) 
power, and hence that the electronic switch must have a highe: 
power rating. | 
(2.3) Reciprocity 


It will be shown that the optimum storage networks are th 
same for transmitting and receiving. It is then clear from Fig. ' 
that the transmitting modulator and receiving demodulator ar 
exactly alike: the one device will perform either functior) 
Following carrier system terminology, it can be called a “modem > 

The significant properties of this pulse modem are that it ha 
a low transmission loss and is completely reciprocal. A Paty 
link can be made with no amplifiers and only one set of apparatu» 
to work for both directions of transmission. Reciprocity is i, 
principle distinct from efficiency, but is not much use without il 
although reciprocal amplifiers are known, their gain is severel - 
limited by stability considerations. | 

It is therefore possible to connect telephone lines directly th 
the audio sides of a number of pulse modems whose pulse side 
are connected to a common line, and to set up temporary c 
permanent communication between any pair by synchronizin 
their switching pulses. This has obvious applications to mult: 
plex transmission and switching. All conventional pulse modif 
lators or demodulators are irreversible, so that to obtain 2-wa’ 
communication either two independent paths and termini 
equipments are needed, as is usual in time-division multiple) 
(t.d.m.) transmission systems, or two time positions must t 
provided for each channel, as has been proposed for t.d. 
switching. Either course is comparatively lavish with apparatu’ 
and the second may be technically difficult if many channels a1 
required. 

Reciprocity has a further advantage in telephone switchin) 
circuits. It is useful to be able to send dialling signals throug® 
the speech path, to avoid the necessity for a separate path, whicl 
with electronic switching, is expensive to provide. This is mow 
readily done by conveying dialling pulses as modulation on 
voice-frequency tone. In normal multiplex paths this woul 
require an oscillator at the originating point; in the reciprocd 
path, however, it is possible to use the v.f. equivalent of a centri ) 
battery. The tone can be supplied from a central point assc 
ciated with a detector and register. It passes through a moder) 
in the central unit, through the pulse path, and through the sul 
scriber’s modem to line. A mismatch, such as a stort-cia 
reflects tone back into the modem; because this is reciprocal, tk. 
reflected tone travels back to the central unit, where it may : 


detected. Therefore a short-circuit (or, more generally, a 
impedance change) can be propagated through the entire speec 
path and detected at the tone source.!4 


(3) CHARGE INTERCHANGE IN STORAGE NETWORKS | 

i 

(3.1) Delay Lines 

The first mention of storage reactance in Section 2.1 we 
deliberately couched in broad terms, since a wide variety « 
reactance networks can be pressed into service. Those teste 
experimentally have ranged from a single capacitance or indu: 
tance to an assembly of 32 elements. However, the more usefi- 
arrangements all have a common feature. The function of tt! 
store is to absorb a charge slowly and discharge it rapidly, am 
although this can be accomplished by a single reactance connecte 
to alternative paths in conjunction with which it has differei 


| 
| 
| 
; 


me-constants, the best results are obtained with a network which 
» capable of discharging completely in a finite time. 

A section of lossless transmission line, or a good lumped 
proximation to such a line, has this property. If a charged 
ae section be connected to a resistive load matching its charac- 
iristic impedance, the terminal potential difference immediately 
‘ops to half the original open-circuit e.m.f.: this step of potential 
' propagated along the line, reflected at the far end, and after 
‘period of twice the transmission delay returns to the near end, 
iducing the terminal p.d. to zero. The line is then completely 
ischarged, and all the stored energy has been dissipated in the 
isistance load, at a constant rate for a short time. The process 
| illustrated in Fig. 6. 
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Fig. 6.—Discharge of delay line. 


ae 

| The delay line is the only network which discharges completely 
‘id permanently in this manner. A single tuned circuit, and 
trtain other networks with an oscillatory discharge, pass 
«rough an instantaneous condition of zero stored charge (not 
(so zero stored energy, as with the line section), and provided 
nat the switch through which the discharge takes place is closed 
yr exactly half the period of oscillation, these can be used in a 
ilar fashion. 

/ In a reciprocal and symmetrical arrangement, such as Fig. 2, 
Wo storage networks are connected together directly, and each 
‘ovides a matching termination to the other. If they are delay 
mes, of which one is initially charged, then a discharge takes 
lace as described above, for a period 7, where the delay time 
7/2. No energy has been dissipated, and the entire charge has 
en transferred to the other line (Fig. 7). If the switch continued 
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to conduct, the charge would oscillate between the two stores, 
but if it is opened after a time T the charge remains in the second 
store. During the connection, the terminal p.d. of both stores 
is half the initial e.m.f., but at the moment that the switch opens 
reflections raise the second store to the full potential and reduce 
the first one to zero. 


(3.2) Tuned Circuits 


A pair of tuned circuits and their corresponding waveforms 
are shown in Fig. 8. The resonant frequency of the circuit is 
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Fig. 8.—Interchange of charges of tuned circuits. 


such that it executes one half-cycle of oscillation in the pulse 
period 7, i.e. 


i 
VEC) == i ee) 


The current flowing when the switch is closed is a half-sine wave, 
while the voltage across the storage capacitances are half-cosine 
waves in antiphase with each other and in quadrature with the 
current. If the peak voltage across either store is unity, the 


peak current is 
IL IKE: 
[=z 


As with a pair of line sections, the exchange of charge is complete, 
provided that there is no capacitance across the common line 
and that the switches are closed for precisely the period T. How- 
ever, because the current rises gradually from zero at the start, 
and falls gradually to zero at the end of a pulse, imprecision of 
timing causes smaller errors than with delay-line stores. Also, 
the energy of the half-sine-wave current pulse is mainly at the 
lower end of the frequency spectrum, reducing the likelihood of 
induction between cables or components. 


(2) 


(3.3) Tuned Circuits and Line Capacitance 


Thus there are two types of store which, when connected by 
electronic switching for a suitable short period, interchange their 
charges. If the pulse path has appreciable capacitance, the inter- 
change is not complete, causing transmission loss, and a charge 
is left on the line after each pulse, causing crosstalk in a multiplex 
system. With tuned-circuit stores, the effect of line capacitance 
may, under certain conditions, be annulled.* 

To find the waveforms in the presence of capacitance on the 
common line, we study the network of Fig. 9. The components 
L and C are the storage tuned circuits, while C’ simulates line 
capacitance. To simulate the closure of switches with the left- 
hand condenser C charged to unit potential, we assume an 
impulsive current of moment C, which instantaneously charges 


* This method was suggested by R. B. Herman.'5 
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I=Céd(t) t e c/ 


Fig. 9.—Equivalent network of stores and line capacitance. 


the condenser and then leaves the network to execute its natural 
oscillations. It may be shown that 


k ; 1 
ee aN J t 
lea sag Ue AN! Wak EH 8? 
(3) 
_ paciee U(t) —4.cos at + ee cos Bt 
oe el FOS SEY FT) 
where 
Ne (OC 
« = 1/\/(LC) ed ese FCA) 
B = a/(2k + 1) 
and U(f) is a unit step function. 
If simultaneously cos «tf = — 1 and cos Br = 1, the charges 


on the condensers C have been completely interchanged, since 
v; =0 and v; = 1. Also, since the total charge on the two 
storage condensers is the same as at the beginning, there can be 
no charge on the line capacitance C’ at this moment. The 
coincidence occurs when n cycles of cos Bt occupy the same time 
as m — 4 cycles of cos «t, namely when 


Ok aoty Chee Are a5) 


Cee Hie 


where 7 and mare any positive integers. It follows that complete 
transfer can be effected, despite the presence of line capacitance, 
for an infinite number of capacitance ratios, so long as the 
resulting inductance values and waveforms are acceptable. 

The case of practical significance is m = n = 1 with k = 3/2. 
The waveforms are then based on the half-sine wave, modified 
by some second harmonic, and are plotted in Fig. 10. Not only 
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Fig. 10.—Interchange waveforms in presence of line capacitance. 


are the transfer waveforms v, I, and J, zero at the beginning and 
end of the pulse; the derivative of v, at both bounds, and of the 
currents at one bound, are also zero: so that the high-frequency 
content of these waveforms is less, and the effect of mistuning 
less, than in either of the previously mentioned cases. 

The component values are easily calculated from 


VGhe = 
an 

es © 
C73 
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if C’ is given. If C’ can be varied to some extent, the design 
would use this flexibility to obtain a desired impedance lew 
decided either on the basis of the pulse path impedance +/(L/K 
or to suit the voltage and current limits of some particul 
electronic switch. 


(3.4) The Approach to Impulsive Transfer 


Any practical storage network for a pulse modem will conta 
some group of elements, either a delay line or a tuned circu: 
which can discharge (or charge) completely within the short tin | 
occupied by the pulse. The other half of the process, name) 
charging (or discharging), occupies the relatively long peric! 
between pulses, so that the remaining part of the network hi 
time-constants of this order and its response during the pul 
period can be neglected. We shall find it convenient in develo}! 
ing the theory to treat the rapid charge or discharge as insta‘) 
taneous, and to compute the effect of the pulsed connection ¢: 
the low-frequency parts of the network by assuming it to l) 
due to a train of ideal impulses of current. The approximatic); 
is justified by the proportions of the waveforms observed, ar 
by the correspondence between deductions from the theory ar: 
experimental results. 

It may be remarked that storage networks inverse to tho) 
shown here can be used, e.g. an open-circuit line discharge 
through a ‘make’ switch is equivalent to a short-circuit lu 
discharged through a ‘break’ switch. 


(4) THE RESPONSE OF NETWORKS TO MODULATED 
PULSE TRAINS 


Some general concepts will be developed and applied to tl 
analysis of various pulse communication systems. 


(4.1) Impulsive Response and Steady-State Impedance 


It is well known that an impedance may be specified by 
steady-state impedance function of the form 


Le KP(p) 
Op) (Pp —p;)(p —p2). -.@ — py) 
or by the impulse response, namely the voltage waveform educ« | 


by an impulsive current of infinitesimal duration and unit mome: 
applied at t = 0, related to Z(p) by the inverse Laplace transfor} 


Z(p) 


- a 


1 +] 

AG) =| Z@erdp 5. 

(4) aaj yee Ip (| 

When the poles p = p, are all distinct, expansion of Z(p) in| 
partial fractions and application of eqn. (8) to each term oil 


P(p,) | 
A(t) = ert oe 
~O@) q 
where Q’ = dQ/dp. 
If an impulse of moment a, be applied at time ¢,, the voltay 


across the network at time f is 


xt) = 44AG—4) 1. Se 


which, for a stable network, decays as t > ©. 


The response to a train of impulses is the sum of the respons 


(4.2) Impulse Trains 
to each individual impulse: if an impulse of moment a, occu 


at time nt, where (n < m), the voltage at time (mt, + f) is 


f 
Umty +1) =Ya,At + mty—nt) . . a 
and, if the a, fall within finite bounds, this also decays as t>0o 


| 
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‘Now let the impulse train be modulated, with a sinusoidal 
avelope of frequency w/27. This is most conveniently expressed 
a complex exponential, so that 

Ay = gion (12) 
‘ Assume that the response to the impulse train has reached a 


ady state. This implies that the impulse train has continued 
ir an infinitely long time, so that 


sao! 


vmt, + 1) = > ee" At + mt, — nt,) 


Aa=m 


ioe) 
2S) elo(m—nti A(t + nt) 


= Ay, >, € JO"NAE + nt,) (13) 
n=0 


[ This equation may be interpreted in two ways. First, con- 
dering m as a parameter and ¢ as a continuous variable, it gives 
se waveform in the period mt; < t< (m+ 1)t,. The shape 
{ the waveform is the same in each period, but its amplitude is 
yoportional to that of the immediately preceding impulse. If 
‘e impulse train is unmodulated, w = 0 and a,, = 1 for all m; 
\e waveform is then strictly periodic. 


(4.3) Pulse-Sequence Impedance 


1 Secondly, we may consider ¢ as a parameter and m as a discrete 
iziable. The expression then gives the envelope of the voltages 
tained by sampling the waveform at corresponding parts of 
vecessive cycles. A particular case of great interest is obtained 
y Sampling at mt,, or, to be more precise, immediately after 


‘t;, since the effect of the pulse at mt, is included. If the 
plitude of the sample is 5,,, then 
ee . 
De = An pS e—Jont A(nty) 
n=0 
= AnG(jo, t)) (14) 


efining a function G(jw, t,;), which will be called the pulse- 
quence impedance of the network. 
Inserting the values of a,, from eqn. (12), 


(15) 
(16) 


| Envelope of a,, = Modulating function = e/°! . 


ad Envelope of b,, = e/°'G(jw) 


here the pulse-sequence impedance is written as a function of 
» only to indicate that in all practical cases fr, is fixed but w is 
itiable. The envelope* of the samples b,, is therefore a sinu- 
vid of the same frequency as the modulating function; its 
lative amplitude and phase are given by the modulus and argu- 
ent of G(jw). The function exists for any stable network, 
nee the series (14) converges if A(t) decays exponentially as 
> ©, 

¥ the modulating waveform is not a sinusoid but is an arbitrary 
<aal contained in the frequency range 0-1/2t,, then, by super- 
os.tion, the envelope of the samples (in the same frequency 
inge) is derived from it by weighting its frequency spectrum 
ivi the function G(jw), which can be treated like the frequency 
lection of a normal filter. Ambiguity arises if higher modu- 
tig frequencies are applied, as it does in any sampling system. 


* To be more rigorous, this is one of many envelopes, since a sinusoid of frequency 
't, = w/2z) may be fitted to such a sequence of samples for all integra! r. 


Substituting A(‘) from eqn. (9) into eqn. (14), 


P(p,) 
O'(p,) 


ePrnty 


Cc 
G(ja) = S eg Jont >; 
n=0 r 
efti(pr—Jo) 


_ vv £G@,) 1 
7 O(p,) 1 — ei-son 
Another function which will be used is obtained by sampling 


the waveform immediately before the impulses are applied. 
This is 


(17) 


G,Gw) = & fon A(nty) 
n—1 


= G(jw) — AO) 
Eee) 
r O'(p,) 1 — ePrti—jon 


As an example, the steady-state impedance of a capacitance C 
and resistance R in parallel is 


ePrti—joty 


(18) 


ONS ee 9) 
Cp Pi 
where P; = — 1/(CR). Then 
; 1 1 
G(jw) cr C1 — efiti—Jon 
(20) 
Ci 
We eC Aue goa? 


using a dimensionless parameter « = t,/(CR) and a dimensionless 


frequency variable y = wt,. Also 
: Li eae, 
G,(jy) = G 1 = e-¢— (21) 
Both functions are periodic in w with period 27/t,. The 
magnitude of G(jy) is given by 
1 1 
a 2 5 pia ae is 
[OGY ae COC Ty ae ao een ae Soa 7 REE (22) 


and oscillates between 1/C(1 + e~-*). The complexity of the 
expressions increases rapidly with the number of elements in the 
network. 


(4.4) Inversion of Pulse-Sequence Impedance 


So far in this treatment of pulse-sequence response we have, 
as in the direct Fourier and Laplace integrals, transformed from 
a time to a frequency function with a given network. A practical 
problem might be presented the other way round: given some 
desired pulse-sequence frequency function, to find a suitable 
network. This process requires as its first step an inverse 
transformation. 

One manifestation of the inherent bandwidth limit of sampling 
systems is that any pulse-sequence impedance is periodic in w, 
with period 27/t,. This is clear from the general form of 
G(jw) in eqn. (17). It implies that the function can be expanded 
in a Fourier series of the form 


G(jw) = D cei (23) 


But we have already used an expression of this form, namely 
eqn. (14); comparison shows that the coefficients c,, are, in fact, 
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the values of the impulse response at the sampling times A(7t;). 
It follows that 
2n/ty 


A(nt;) = ee oe (24) 
which is the desired inverse ee As an example, 


we take the pulse-sequence impedance of eqn. (20): 


? 1 1 1 2 ee ee 
G(jw) = Go ei ah = C alae. Ppymty—jomty (25) 
is foe) 2n/ty 
Then A(nty) = 1. Sen pimn | glolm—mniduy (26) 
2nC C m=0 0 


The integral vanishes when n+ m; the remaining integral is 


27/t;, so that 
1 
A(nt,) = —g Pint (27) 
G 
This information does not specify the network or its impulse 
response uniquely. It might be thought at first that we could 


deduce that 


A(t) = ze 


(28) 
which is the impulse response of the RC network from which 
the calculation started. In fact, the impulse response could 
contain any other terms whatsoever which were identically zero 
at t= nt,; the possible variety of such terms suggests that 
application of the inversion theorem to network synthesis may 
not be entirely straightforward. 


(4.5) Historical 


The foregoing technique, which was devised for dealing with 
the problems in pulse communication to be described, is closely 
telated to methods which have been used in other fields. Pulse- 
sequence functions were first used in the analysis of servo systems 
with intermittent data,!-+ and, more recently, somewhat similar 
methods have been used to obtain approximate solutions of 
continuous problems by computing at a finite number of sampling 
points only.>»® MacColl, in the earliest published work on the 
subject,! attributes the original use of steady-state sampling 
theory to G. R. Stibitz and C. E. Shannon, at some time before 
1944. Hurewicz? describes a pulse transfer function equivalent 
to G;(jw) and gives an extensive account of its applications in 
servo systems. Barker* gives the same name to a function 
equivalent to G(jw) in our analysis, and appends a table giving 
G(jw) pertaining to various Z(p). Both writers use the variable 
z =e Jen, which is more convenient for extensive manipula- 
tions of pulse-sequence functions. or use in combination with 
ordinary frequency functions, as in the present work, it is neces- 
sary to revert at some point to the direct frequency variable. 

More recently, several papers have been published on what is 
now known as the ‘z-transform’, mostly in connection with 
servo systems. 


(5) ANALYSIS OF TRANSMISSION CHANNELS 


(5.1) The One-Way Channel 


Fig. 11 shows the elements of a link containing a unilateral 
repeater which isolates the two modems and provides each with 
a matching termination. This simulates conditions in a link 
which is necessarily one-way, as in a radio system or a long line 
with repeaters. The link works between a source and a load of 
impedance R, over a transmission medium of impedance Ro, 
using pulses of length f, with a repetition period t,. The storage 


a pes sta eae Soke SH 


Ri 


1 
' 
! 
! 
! 
! 
! 
i 


ve tut Ro it 2 


A 
REPEATER WITH UNITY AVAILABLE POWER GAIN 
Fig. 11.—One-way channel. 


network consists of a line of impedance R, and length $f 
together with an arbitrary network represented by a box. } 
In all practical cases, the pulse length f, will be much smalle 
than the sampling period ¢,, and the impedance R, of the pulse 
forming line will be much smaller than the signal source impé¢ 
dance R, (i.e. Rj/R, ~ t/t2). Let us further assume that th} 
impedances and time-constants of the network in the box show | 
between the resistor R, and the line are of the order R, and th 
respectively, or at least that they are much greater than R, and ¢ of 
Then, to the same order of approximation, the delay line at th 
transmitter discharges completely into the load R, when th. 

switch is closed. This discharge occurs so rapidly, compare) 
with the recharging, that it can be taken as instantaneous; th. 
waveform across the delay line is then the same as that acros. 

an equivalent capacitor discharged by ideal impulses of curren’ 
Similarly, the receiver delay line can be taken as equivalent to | 
capacitor which becomes instantaneously charged by impulsiv 
current. 
f 


The practical circuit can be replaced by the equivalent c 


Fig. 12.—Equivalent of one-way channel. 


Fig. 12. The currents J; and J, are modulated sequences c 
impulses 
IL=C)>> sFGw)dt—nt,) . . . Ga 

: 


where the functions F,(jw) are yet to be determined. | 
The effect of current J, acting alone can be found from th) 
theory of Section 4. If the pulse-sequence impedance of th’ 


network of Fig. 13, viewed at terminals AA’, is G(jw), th) 
a! at : 
Cc Ry 
A B 


Fig. 13.—Section of equivalent network. 


envelope of the potentials across C immediately after th 
impulses is — Cel 'F (jr) G( jw). The envelope of potentials <¢ 

the same point at the same times due to the modulating signe 
is €/°'H,(jw)/R,, where Ay jw) is the transfer impedance fror) 
terminals BB’ to AA’ in Fig. 13. But, since the delay lin 
discharges fully, the potentials at these times are all zerc) 
Equating the sum of the partial potentials to zero, we obtain i 


1 Hy(jw) 
RC Gua) oo 


The envelope of the potentials on the transmitter delay lin 
immediately before the pulses is e/°'F (jw). The ay i 
pulses are half the amplitude (Fig. 14), and the repeater wit 
unity available power gain provides a source e.m.f. consistin’ 


Fy (jw) = 


} 
. 
. 
t 


a-~—-— 


REPEATER E.M.F. RECEIVER 


Fig. 14.—Waveforms in one-way channel. 


b a (0-6 


TRANSMITTER 


if pulses with the full amplitude. The receiver delay line, 
vhatever its residual charge, is charged up exactly to the full 
plitude. Since the pulse sequence J, produces a sequence of 
‘otentials whose envelope is éJ°'F (jw), it follows that 


1 Fj) 
C G(jw) 
' The component of current at frequency w in J, is CF,(jw)/ th: : 


i; is this that produces an output voltage v, at signal SCEnEY, 
io that 


F(jw) = (31) 


% = cht Pj) HL je) (32) 
where H>(jw) is the transfer impedance from terminals AA’ to 
8’ in Fig. 14. 

' The voltage ratio produced by insertion of the whole system 
3 T(jw) = 2v,/v,; Combining eqns. (30), (31), (32), and 
‘seaming a reciprocal network with H, = H, = 


ae ee) ic 

As an example, we take the elementary but perfectly practical 
tase in which there is no intervening network between the pulse- 
worming lines and the audio source or load, and the pulse- 
¢equence impedance G(jw) is as in eqns. (20) and (22). The 
function |T,(jw)| is given in the fourth column and first row of 
Table 1, and plotted in Fig. 15 for various values of « = t,/(CR) 
igainst the ratio between modulating and sampling frequencies. 


T (jw) (33) 


Type Schematic General expression for transmission 


Fig. 12 2 #H2 
114RiC G2 


| One-way 


Fig. 16 2 
11RiC G2=1G? 


H2 
G? 


Two-way direct 
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Table 1 


l Two-way with line of 
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fmito 


Fig. 15.—Transmission of a one-way channel with minimum storage 
network. 


Fig. 17.—Equivalent of a two-way channel. 


period t, which equals the length of pulse formed by one of the 
storage delay lines. While it is closed, the charge on one line 
flows into the other line; at the moment when the charge is about 
to return, the switch opens. On each operation of the switch 
the two stores exchange charges. 


Transmission 


Elementary modem: modulus of transmission Tid eaithlter 


S 
A 
= 


4ae-—% (cosh « — cos y) 


Fig. 19 =| 2e—Y—jmet,/2 H2 
delay mt,/2 11R1C G2—@—2¥—jmonG? 
‘| Two-way with inter-| Fig. 20 Qe-jor H 
mediate storage t1RiC G2 — e—senG? 
i| One-way into capaci- Fig. 22 1 HH 


tive store CR, G — eJonG; 


a2 + y2 lo] > a]/ty 
2/2 (cosh « — cos y) 1 
(a2 + y2) (cosh 2« — cos 2y)1/2 0 
24/2 (cosh « — cos y) e—Y—jomt,/2|a| < 7] ty 
(a2 + y2) [cosh 2(a@ + y) — cos (m +2)y] 1/2 |0 o|>a/ty 
2/2 (cosh « — cos y) E—Jot o|<a/ty 
(a2 + y2) (cosh 2« — cos 3y)1/2 0 o|>a/ty 
« (cosh « — cos y)1/2 1 lo|<a/ty 
(a2 + y2)1/2 (cosh 2% — cos 2y)1/2 0 jo] >a/ty 


EEE a a ee et eee eee 


(5.2) The Two-Way Direct Channel 


Fig. 16 shows the elements of a system in which a number of 
modems are connected to a common busbar and communication 
is established between two of them by closing their switches in 
syachronism. According to the reasoning invoked to justify 
¥z. 12, this can be analysed by the equivalent circuit of Fig. 17. 
S1ce the two switches are directly in series and operate together, 
tizy can be replaced by one switch. This switch closes for a 


The current J is a modulated sequence of impulses 


I=CY stF(jw)d(t — nty) (34) 


where the function F(jw) has yet to be determined. The 
envelopes of the potentials across the lines immediately before 


and after the impulses may be found by using the pulse-sequence 
impedance functions. Because the lines interchange charges, the 
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potential across one of them immediately before the th pulse 
equals the potential across the other immediately after the mth 
pulse, i.e. 


— CF(jw)G(jw) = CF(jw)G(jw) . (35) 


H,(jw) 
R, 
which gives 
1 Hy, (jw) 
CR, G(jw) + G,Gw) 
The component of current at frequency w in J is CF(jw)/t, 
which produces an output at signal frequency 


(36) 


F(jw) = 


UKE 
el (jw) H(jw) (37) 
1 
Combining eqns. (36) and (37) and assuming H, = H, = H, the 
overall voltage ratio is 
2 [HGiw))? 
T,jw) = : 3 
202) = R, GUO) Gi GO) 

To facilitate comparison with other systems we derive an alter- 
native expression. For a network with shunt capacitance C, 
it can be shown from the definitions that 


(38) 


Glin) — Gia) = AO = % (39) 
and, combining this with eqn. (38), 
-]2 
Ty(jw) = z [Hi (jw)] (40) 


t,R,C [G(jw)}? — [G,Gw)]? 


The result for the elementary modem with no intervening network 
may be compared with that for one-way transmission from Fig. 18 


le) 


5 dB 


Fig. 18.—Transmission of a two-way channel with minimum storage 
network. 


—— Bilateral. ---- Unilateral. 


and Table 1. They differ by an oscillatory factor which covers 
two periods in the range O0< y<2. The ripples introduced 
by this factor are small if cosh 2x = 1, and appear negligible 
itt (2 SoD. 


(5.3) The Two-Way Delayed Channel 


It is possible to operate reciprocally over a long line provided 
that the pulses transmitted from each terminal can be synchro- 
nized with those that it receives from the other. This requires 
that the transmission delay shall be a multiple of t,/2. We 
shall consider the arrangement of Fig. 19, in which the two 
modems are connected by a line or network of delay mt,/2, 
impedance R, (matching the storage lines) and loss y nepers. 
The latter requires some explanation, since a practical line or 
network will not have a uniform loss at all frequencies in the 
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Fig. 19.—Two-way delayed channel. 


i 
signal spectrum. It is assumed that the line is equalized we. 
enough to meet the crosstalk requirements of the system, s/f 
that most of the energy in a transmitted pulse is either dissipate 
in the line or received within the appropriate pulse period. Tk 
loss is then to be considered as the ratio between the total char. e 
received within the nominal pulse period and the total charg}; 
launched into the line as a transmitted pulse. 

The equivalent circuit is the same as Fig. 12; J, and J, wi. 
not have the same values as on the previous occasion when th 
was used (Section 5.1) but they are, of course, modulate 
sequences of impulses. 


I, = CY) e'F, (jw) d(t — nty) 


I, 2a (C Sy EOtF, (jw) d(t = nt; ae mt,/2) 


At each closure of a switch, a storage line and the transmissio” 
medium exchange charges (just as the two storage lines did wit 
direct connection). Taking as time reference a pulse from tk! 
transmitting end, the potential present on the transmitter stoi? 
immediately before this pulse will appear at the near end of tk 
transmission line immediately after. It will be attenuated by | 
factor ¢~Y¥ in the line, and arrives at the far end immediatel}; 
before time mt,/2. The receiving switch closes at this time, ans. 
the potential is transferred to the receiver store. The potentii/ 
which had been in the receiver store immediately before mt,/2 |, 
transferred to the line; after attenuation it arrives back at tk!) 
transmitter at mf, and is transferred into the transmitter store. } 

Applying this reasoning to the envelopes of potentials foun 
by using pulse-sequence impedances, we can write 


CG (jee) Fy(jeo) = ef —smons)2 age ae COW edie) | 
1 


= — CG(jw) Fw) = e~*—/maPCG (jw) Fja) 4 


which can be solved for F,(jw). ' 
The component of received current at frequency w 
CF,(jw)/t,: this is modified by a factor H,(jw) before reachir’ 


the output. So the overall transmission is (with reciproc: 
networks) 
. Qe Y—jmeat|2 Hliw 2 
T;(jw) = [H(jo)] 


CR,t, [G(jw)]? — e~ 2 mon G (jw)? 
in which e—/”enl2 ig a delay operator corresponding to tt 
transmission time of the cable. It will be seen that if y =m = 
this expression reduces to eqn. (40) for the direct connectior 
For the elementary modem with no intervening network, Table 
shows that ripples of closer spacing than with direct connectic 
are introduced into the frequency characteristic, with amplituc 
which is negligible for « + y > 2. 


(4: | 
. 


(5.4) The Two-Way Channel with Intermediate Storage 


In some multiple-stage switching systems it is necessary 1 
convert a signal in the form of a modulated pulse train in — 
certain time phase to a similar train in a different time phas 
This may be accomplished by recovery of the audio signal ar 
remodulation, or by the use of delay networks suitab. 


ivitched; an extension of the modem technique, however, 
rovides a more elegant and economical solution. 

The method uses two successive charge exchanges.* By 
osure of the electronic switch S1 (Fig. 20) at times nt, the 


Ss! S2- 
Cc 


MODEM 
NETWORK 2 


Fig. 20.—Two-way channel with intermediate storage. 


sodem network 1 exchanges charges with the storage con- 
nser C. At later times nt, ++ 7, by closure of S2, the condenser 
xchanges charges with modem network 2. The analysis of the 
yecessive interchanges resembles that of the delayed system 
seated in Section 5.3, and yields the transmission function from 
odem 1 to modem 2: 


; [H(jw)|* 
[Gjw)P — e7°4[G,Gw)} 


"he reverse transmission is identical except that the delay 
mperator eJ®* is replaced by e4¢1-7), which for speech 
igaals is not significant. For comparison with the other 
systems see Table 1. 


D ‘ 
Ty(jw) = See 


CRi, Get 


(5.5) One-Way Transmission into a Capacitive Store 


) it is sometimes required that a potential proportional to an 
asiantaneous signal value, obtained from a sample of short 
‘uration, shall be maintained during the interval between succes- 
jive samples, so producing what has been called a ‘box-car’ 
vaveform (Fig. 21). This is normally done by charging a 


BOXCAR WAVEFORM 
SIGNAL 


SAMPLING 
INSTANTS 


Fig. 21.—Box-car waveform. 


japacitor as rapidly as possible to the sample potential and 
solating it during the interval. The large current pulse required 
tor rapid charging is economically generated by discharge of a 
em -type network. 

_ Let the signal be applied through a storage network, as shown 
n Fig. 22, to a sampling switch making connection to the capaci- 


OUTPUT 


Fig. 22.One-way transmission into capacitive store. 


‘or across which the output potential is desired. The storage 
aetwork in the diagram employs a tuned circuit whose parameters 
ire related to the pulse width by eqn. (1), and with a capacitance 
© equal to that of the holding capacitor. The waveforms occur- 

12 during sampling are those shown in Fig. 8. 

the envelope of the sample amplitudes stored on the output 
‘agacitor must be a reasonable replica of the signal. A transfer 
iction relating the two may be found by use of an equivalent 
iz cuit, Fig. 23, which is similar to Fig. 17 except that instead of 
i modem on the right-hand side there is simply a storage con- 
leaser. The current / is a sequence of impulses, with an envelope 


* This method is due to W. Bezdel.'6 
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Fig. 23.—Equivalent of transmission into capacitive store. 


function F(jw) as in eqn. (34). By interchange of charges, the 
potential on the modem just before the wth pulse is transferred to 
the condenser, is held between the mth and (n + 1)th pulses, and 
reappears on the modem just after the (7 + 1)th pulse, i.e. 


A(j TBE 
A) — CRjw)Gjo) = e-son| He) G2) — crjwyacie) | 
(45) 
whence the desired transfer function is 
f : ; Ae 
(joo) = CF (jen) Gi (jo) = ee (46) 


CR, G(ja) — e-7°%G (joo) 


The expression for the elementary modem appears in the last 
row of Table 1. 


(5.6) Comparison of the Five Systems 


In the early part of this Section, the transmission properties of 
five channels employing storage in one way or another have been 
derived in terms of the pulse-sequence functions defined in 
Section 4. For reference and easy comparison, the general 
expressions are repeated in Table 1, together with the specific 
expressions for the elementary modem having no filter network 
but only a delay line or tuned circuit to provide a pulse discharge. 
There is a strong generic resemblance between the five expressions 
of each group, and, as will be discussed in the next Section, a 
network which is good for one system is, in fact, good for all. 


(6) SYNTHESIS OF THE OPTIMUM STORAGE NETWORK 


(6.1) The Ideal Limit 


The final aim of analysis is synthesis: we desire not merely to 
know what a given system will do but to know what system will 
have a given performance. The quantity which we should like 
to specify in this case is the overall channel transmission of a 
pulse link, given in the third column of Table 1 for the five types 
system considered. Network synthesis at its best is something 
of a black art, and synthesis for a complicated mixture of steady- 
state and impulse properties might be thought a hopeless task. 
A general procedure for obtaining any given T(jw) is probably in 
this category, but a result can be obtained for a specific ideal 
transmission function which represents a limit to the attainable 
performance, and to which approximations of various orders can 
be made. 

The transmission modulus |7;(jw)| for the one-way system is 
the simplest starting-point. Let us further specify the storage 
networks to contain only lossless reactances. Since both theory 
and experiment so far point to some form of filter as the best 
thing to place in the box between the delay lines and the resistance 
R, (Figs. 11-13, 16, 17, 19, 22, 23) this is reasonable; and it 
allows the transfer impedance |H(jw)| to be related to a driving 
point impedance, which simplifies the problem. Fig. 13 then 
consists of a lossless 2-port network terminated in a simple 
resistance R,. If this is driven from end AA’, the power dissi- 
pated in R,; must equal the power fed into AA’. Writing the 
real part of the input impedance Z(jw) at AA’ as R(w), then’ 


R,R() = |H(jw)/? (47) 


Provided that this input impedance is a minimum-reactance 
function, knowledge of R(w) determines Z(jw) and hence Z(p). 
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These may be calculated explicitly,’ but our immediate purpose 
is to use this fact indirectly to derive the impulsive response A() 
from R(w) alone. The result may be quoted from Goldman :° 


2 foe) 
A(t) =— | R(w) cos wtdw 
T¢ 
whence also 


ilo) apa 
A(t) = — | R(wel*%de (48) 

T4—o 
the second form being justified by the fact that R(w) and cos wt 
are even functions, while sin wr is an odd function. 

Combining eqns. (33) and (47), 
t,C : - 19 
Rw) = =| T,(Je)| |G) (49) 

which may be inserted in eqn. (48) to obtain an expression for 
A(t). We can also obtain discrete values of A(t) in terms of 
G(jw) from the inverse transform, eqn. (24), and these must be 
consistent with the continuous expression. This gives an infinite 
set of integral equations 


ar +r/ty ; +o ; 
— A(nt)) = | G(juw)elon'dw = C J |T,(jw)| |GUjw)|2e7o""dao 
i ial ae pap were 


relating G(jw) to the specified transmission |7;(jw)|. If these 
can be solved for G(jw), then A(nt,) follows and the network 
synthesis is reduced to a known problem. 

At this point we introduce the ideal transmission charac- 
teristic. A sampling system is fundamentally limited to a useful 
bandwidth of half the sampling rate, namely 1/2t,; we shall 
therefore postulate a constant modulus of transmission up to 
this frequency and zero beyond, i.e. 


|T\(jw)| =k 
= 


mt) < |o| (51) 


It is to be hoped that the system can be made lossless over this 
bandwidth, i.e.k = 1. Substituting condition (51) into eqn. (50), 


ert +r/ty 
i G(jw)e "ida = xc | |G(jw)|2e/o""1day 


—n/t —T/ty 


(52) 


for all integral n. Consider the physical meaning of tuis set of 
equations. The left-hand integral gives a coefficient in the 
Fourier expansion of G(jw), which we know is periodic in w 
with period 27/t,;. The right-hand integral gives a coefficient 
of the same order in the Fourier expansion of |G(jw)|?. The 
equation states that corresponding coefficients in the two series 
are proportional. G(jw) is therefore a function which, when 
squared, retains the same spectrum and therefore the same shape. 
It could be a constant or it could be any function alternating 
beween a constant and zero. Since G(jw) is in the denominator 
of T(jw), a zero value is inadmissible; it must therefore be a 
constant: 


Glin) =o (53) 
Applying the inverse transform, eqn. (24), we find that 
ae 
A(nt,) = InkC J, EJoniiday 
A(O) ve » ee DPMS) 
A(mt;) = 0 mA~0 
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The instantaneous potential assumed by a network with smal 
capacitance C when a unit impulse is applied cannot exceed 1/c. 
it attains this if all the impulsive current flows into the termine: 
capacitance, as it should in a low-pass ladder network. Th 
constant k, being the transmission ratio of a passive system 
cannot exceed unity: it must therefore be unity. ( 
Also, the impulse response exists at ¢ = 0 but vanishes at a} 
other sampling instants. It is not possible for the impuls/ 
response of a network with shunt capacitance to be identicall)) 
zero for a finite period of time, so A(¢) must oscillate with perio} 
2t,; this is characteristic of a low-pass filter with cut-off fre 
quency 1/2¢;. Sucha filter is in fact specified, since with constar}» 
G(jw) the required transmission T(jw) must be shaped by th 1 
network transfer impedance. From eqns. (33) and (53), 


; Ry | 
|H(jw)|? = — 0<w<aft, “| 
2C i 


This transfer impedance determines the real component cf 
driving-point impedance [eqn. (47)] which in turn determines th 
driving-point impulse response [eqn. (48)]. This is . 


= ty le ial sin (at]/t,) p 
A(t) = Zein cos wtdw CG Tar ae ie iC 
a decreasing oscillatory function which accords with the co 
ditions imposed above. 
At low frequencies, the transfer impedance of the low-pas’ 
filter necessarily tends towards R,; so its constant value over th 
pass band must equal R;. This implies that 


Rw) =|HGo)| = R; =1,/26 2 See 


It might be thought necessary to verify that such a value of th 
real component can be sustained over a bandwidth 1/27, in th. 
presence of a shunt capacitance C. In fact, this has been don) 
implicitly by the calculation of impulse responses from th 
modified Fourier transform (48), since this takes into accoun 
the essential relation between real and imaginary parts of a 
impedance. To check the point explicitly, we may use Bode’ 
resistance-integral theorem?, which states that 


and which is satisfied by the resistance, capacitance and band 
width specified. } 
The network characteristics which have been calculated tie 
obtain ideal transmission |7;( jo)| over a one-way system alsi) 
result in ideal transmission |T>(jw)| over a 2-way system wit / 
direct connection; transmission |T3(jw)| for the delayed 2-wai- 
system which falls short of the ideal only by the inescapabl’ 
delay and attenuation of the transmission line; transmissio:) 
|7,(jw)| via an intermediate store with only the delay betwee 
input and output pulse trains; and an ideal transfer ratio | T;(jo) 
into a holding capacitor. (See the last column of Table 1.) T_ 
the first four cases, since the full available power is drawn fror 
the modulation source, that source is perfectly matched; b- 
symmetry, the signal load impedance at the receiver is perfectl - 
matched also. f 
We have found a specification for a network to give the bes. 
possible transmission, namely uniform lossless transmission ove. 
a bandwidth equal to half the sampling rate.!7_ The combinatio:, 
of the line capacitance C with the unknown network in the bo 
in Fig. 13 must constitute an ideal low-pass filter, the real pat 
of whose input impedance is constant over the pass band am 


ae Ee 


ero elsewhere. This, like any other characteristic with a dis- 
yontinuity, or with infinite attenuation over a continuous range 
of frequencies, is not strictly realizable. It is an ideal to which 
ractical approximations can be made. We may hope that a 
ood approximation to the ideal filter will give a good approxi- 
“nation to the ideal transmission: this is a matter requiring 
wrther theoretical and experimental study. Theoretical possi- 
pilities are discussed in the remainder of this Section, and experi- 
ental results are given in a companion paper.!3 


(6.2) Properties of Useful Approximations 


A lossless reactance network which approximates the ideal 
sransfer impedance of eqn. (55) will also approximate the ideal 
‘iriving-point impedance and impulse response. It is probable 
vhat a high-order approximation will serve the purpose regardless 
of its design basis, but we are normally more interested in the 
epartures from the ideal resulting from the use of networks with 
waly a few elements. 

Since the exact computation of the transmission functions is 
very laborious in all but the simplest cases, it is advisable to take 
\, first glance at the problem in a rough-and-ready manner. At 
wow frequencies, the transfer impedance H(jw) ~ Ry, and with 
uny useful filter characteristics it will vary smoothly in the 
cicinity of this value over a large part of the pass band. The 
yuise-sequence impedance G(jw) is a periodic function, the 
soefficients of whose Fourier series are A(nt,), the values of the 
wipulse response at sampling times. If, as desired, these are 
mall, and if the series converges rapidly, the first two or three 
verms should suffice to give some idea of the transmission 
junction. The zero-order coefficient is always 1/C, so the mean 
‘ransmission level within the pass band will be approximately 
R,C/t; with either one-way or 2-way transmission. An ideal 
filter of bandwidth 1/27, and impedance R, has a terminal 
‘apacitance such that this is unity; a practical filter has a lower 
\eapacitance, which will lower the transmission level. We require 
2 filter with as high a terminal capacitance as possible, and with 
he impulse response small at the first few sampling instants. 

It will be recalled that the transmission characteristic expected 
is the product of three terms, a filter transfer function, a constant 
Hefining the mean level, and a periodic function with ripple 
implitudes depending on the impulse response of the network. 
or one-way transmission the latter function is 


— 


Cc 
SGGay ~ [0 + 42) + 24,(1 + A2) cos y + 2A, cos 2y 


+ 2A;cos3y +...]7} (59) 


ind for 2-way transmission, 


CG 


. eee A2) +44, +2A +4A 
(Ga) + Ga) [a + 447) + 44,(1 + 2A.) cos y 2 


cos 2y + 44,;cos3y +...]~4? (60) 


where A,,, is the normalized impulse response A(mt,)/A(O) at the 
inth sampling instant, and terms beyond third order are neglected. 
The coefficients in either expansion are about twice those in the 
“xpansion of G(jw). 


(6.3) Maximally-Flat and Equal-Ripple Filters 


We first examine some well-known ladder filters designed on 
an-insertion-loss basis.!% !1 

Two types of approximation to a filter flat over an angular 
29s band w, and cutting off sharply thereafter combine useful 
wroperties with mathematical simplicity. These are the maxi- 
relly-flat, or Butterworth, characteristic and the equal-ripple, 
% Chebyshev, characteristic. The maximally-flat ladder net- 
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R, (2) 


Z (jw)= 
R(u) ie ‘yaa Ly 


Fig. 24.—Low-pass ladder network. 
(a) Odd number of elements. 


(b) Even number of elements. 


work with n elements (Fig. 24) has a transfer modulus (hence 
real component of driving-point impedance) 


Ri 


R,(w) =——! (61) 
WwW 
We 
The terminal capacitance is 
n 
= ine 62 
Lf Ry ge 2n ( ) 


so that w,R,C,, tends to 7/2 for large n, thus approximating to 


our desired pass band, resistance and capacitance. For the 
equal-ripple ladder network with n elements, 
AR 
R,(w) = (63) 


1 + k? cos? (n cosa: — cosh B) 


where k is a parameter determining the ripple amplitude, is a 
related parameter defined by sinh nB = 1/k, and h is a factor 
equal to unity for odd values of n, and 1 + k? for even values. 
The terminal capacitance is 
mi(k? +1). 7 

nian RegeR AER Pestova tcateasem Oo) 
which differs from that of the maximally-flat filter by a factor 
(1 + k)+1/2, 

From eqn. (62) the capacitance of a maximally-flat filter 
approaches the theoretical limit fairly closely for the third and 
higher orders; while from eqn. (64) the capacitances of the 
equal-ripple filters approach the same values as the ripple 
amplitude is reduced. It is not at all certain that the impulse 
response is satisfactory, since this is composed of damped 
oscillations at frequencies well below cut-off. We must therefore 
examine the impulse response of a ladder filter, considered as a 
2-terminal impedance ‘viewed’ at the unloaded end. Although 
these networks are well known, little information about their 
impulsive properties has been published; and the numerical 
results which follow are obtained from the formulae quoted in 
the Appendix. 

Mean levels and the first few coefficients A,, have been cal- 
culated for maximally flat networks of orders 2-5 and are given 
in Table 2. 

Table 2 


Number of 
elements 
n 


Mean level 
2R1C/ty 


A2 


0-900 
0-955 
0-974 
0-984 
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It will be seen that convergence is rather slow; but all the terms 


are fairly small, which suggests that this type of approximation. 


is sufficiently good to warrant a serious trial. 

Similar coefficients have been calculated for equal-ripple filters 
of four elements with various amplitudes of ripple, and are 
given in Table 3. These present no very obvious advantage 


Table 3 


; A(mt) 
Coefficients in expansion of G(jo) : Am = a 
Percentage 


ripple b = tanh @ 


Aj 2 A3 A4 


0:0065 | —0-0033 
0:0137 | —0-0072 
—0-008 0 
—0-0103 


0 (m.f.) 
0-167 : 

5 . —0-0300 
10 7 —0-0217 


over the maximally-flat filter in this respect: in fact, the coeffi- 
cients generally increase with increase of ripple amplitude. 
However, the difference is not sufficient to exclude the equal- 
ripple filter, and the sharper cut-off obtainable with a given 
number of elements favours the use of this type if possible. 
Consequently both types of filter have been used in experimental 
work. 


(6.4) Approximations: Other Considerations 


The inversion of a pulse-sequence impedance does not specify 
a network or its impulse response uniquely. The inverse trans- 
form of a constant, eqn. (54), is no exception: it states that the 
impulse response shall be non-zero at ¢ = 0 and zero at later 
sampling times ¢ = mt,, but it does not prescribe the behaviour 
at intermediate times. In consequence, there exists a class of 
filters having the desired property, of which the ideal filter with 
a rectangular frequency response is but one member. This class 
includes all low-pass filters whose real component of input 
impedance R(w) (equal to the transfer modulus squared) has a 
cut-off shape which is skew-symmetric about a cut-off frequency 
w, equal to half the sampling rate. Such a curve can be thought 
of as the sum of a step at w, and an odd function of (w — w,), as 
illustrated in Fig. 25. The property is proved in the Appendix. 


Ry (w) R2 (w) R (s)=R, (4) + Ro (W) 
| 
1 
cA} cy w 
Guane (ONS Cate 


Fig. 25.—Skew-symmetric filter functions. 
(a) Rectangular component. (6) Odd component. (c) Skew-symmetric function. 
A transmission system employing this type of filter in its 
modems therefore has an overall transmission modulus deter- 
mined entirely by the filter function, since if we substitute 
G(jw) = 1/C and |H(jw)|? = R,R@w) in either eqn. (33) (for 
cne-way working) or eqn. (40) (for 2-way working) the result is 

; ME 
|TGie)| == R) =F (65) 

1 

The low-frequency transmission is unity, as with the square-cut- 
off filter, because for a given R(0) and w, the resistance integral 
is the same for all curves with the specified type of symmetry. 


(Clearly the function R(w) in Fig. 25 contributes nothing to this 
integral.) 
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Consequently, if a transmission function having this type of 
symmetry is desired (or can be tolerated), the synthesis problem | 
is reduced to that of designing a passive network with the at 
fied response shape. This, like the square cut-off is not strictly 
realizable, as can be seen at once from the fact that it has infinite 
attenuation over a range of (at least) w > 2w,. Presumably thei 
best that can be done by a filter of the configuration shown in | 
Fig. 24 is an approximately skew-symmetric transition between) 
zero loss at low frequencies and a large but finite attenuation at 
2w,, with an asymptotic cut-off slope of 6n decibels per octave 
beyond. The corresponding impulse response has been com- 
puted (see Appendix); although not passing through zero at th | 
sampling instants, it assumes values which are substantially lower 
than for the well-known filter types and which are negligibly 
small after the first few points. We conclude that the degree of 
approximation of a realizable filter can be good enough for 
practical purposes. The remaining problem, of synthesizing a 
filter with the desired cut-off, is by no means trivial, and in fact 


however, a problem of known type, to which a solution should i 
be obtainable if a sufficient effort is made. 


quate. The idea is introduced because it provides a possible | 
approach to an otherwise rather intractable problem. 

The most useful filter design would, of course, be one which} 
caused the overall transmission to approximate the ideal in some | 
specified manner. That this has not been accomplished is due” 
to the complexity of the exact expression for overall transmission \ 
in any but the simplest cases. It is fortunate that filter networks) 
of the known types do, in fact, yield a performance good enough’ 
to make the use of the modem entirely practical. 


(7) REVIEW OF METHODS AND APPLICATIONS 


The simplicity and efficiency of the pulse modem make it): 
attractive for almost any application of pulse amplitude modula-! 
tion, even where the reciprocity cannot also be utilized. 
therefore been considered for application to direct p.a.m. trans-/ 
mission on f.m. radio links, and to intermediary p.a.m. in systems): 
using other time-division methods.'3 

However, these do not fully utilize its properties. The purpose}: 
of these concluding remarks is to outline the properties of the) 
pulse modem and to stress the economy and elegance which it} 
appears to offer in telephone switching applications. 

The modem converts speech power to pulses, and a pulse train! 
back to speech, very efficiently. In principle, the system can} 
transmit signals falling within a bandwidth of half the sampling) 
rate entirely without loss, and in both directions. Practical] 
experiments have shown an overall loss of 2dB, which it is) 
hoped to reduce to about 1 dB when better switches are available, 
and a bandwidth of 4kc/s with 10ke/s sampling. The resulting) 
telephone quality is subjectively pleasant.!? Voice-frequency| 
signals can be conveyed through a speech path very economically 
by utilizing the reciprocity of the system. With a particular! 
modem design, the effect of a fairly large shunt capacitance on) 
level and crosstalk can be rendered negligible, permitting the 
use of a large number of gates in parallel, perhaps 250 gates” 
being practicable, a number unlikely to be exceeded in a 4-digit 
non-demodulating exchange. Level stability is good, since the! 
system has an inherently low loss: there are no amplifiers, and 
with a certain modem design the effect of small errors of timing 
in the pulse path is negligible. In conjunction with suitable 
transistor circuits,'® the modem provides a good electrical 
analogue of a rotary switch, although it should not be considered 


: as essentially associated with any particular device or control 
> circuit. 

It can be asserted with some confidence, therefore, that the 
efficient reciprocal circuit is a significant development in time- 
division technique with many possibilities in the field of telephone 
, switching.* 
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(10) APPENDICES 


(10.1) Impulse Response of Ladder Networks 


Although the maximally-flat and equal-ripple ladder networks 
are well known, explicit expressions for impulse response as 
required in the calculation of modem performance are not 
readily available. The expressions given below were derived 
for the computation of Tables 2 and 3. 

The impulse response for the maximally-flat network of n 
elements is 


A,{?) coe 


2Ryw, l—1 
BE pel n even 


yee) 
0 


= 


(66) 
Bs are (n/2) = G/2) 


2 5 x, FO | nodd 


where F,(t) = e—ctsin % sin (w,t cos 6, + 6,) 


and, for the equal-ripple network, 


2R (n/2)—1 
A,() = ey (1 + k?) x, F(t) n even 
2R,w J 7 Get tanh 8 (n/2) — (3/2) 
= : c ae a + 2X, Fo | n odd 


where 
F(t) = get sin 0, tanh B 


sin (w,t cos 4, + 8,) _ sin (w,t cos 8, — 6,) 67 
1 en28 igang (67) 


The potentials at sampling times mt,, as tabulated in Sec- 
tion 6.3, are calculated by inserting in these expressions w,t = m7. 


(10.2) Filters with Skew-Symmetric Cut-Off 


It may be shown that any low-pass filter whose real component 
of input impedance (equal to the transfer modulus squared if the 
filter is dissipationless) has skew symmetry about a cut-off fre- 
quency w, exhibits an oscillatory impulse response which passes 
through zero at t = mm/w. The derivation was suggested by a 
parallel procedure due to Sunde. !? 

The function R(w) can be split into two parts, respectively 
rectangular and skew-symmetric, as shown in Fig. 25. The 
latter part is conveniently written as a function R,(u) of a 
variable u = w — w, and is an odd function. By use of the 
Fourier integral (48) the impulse response may be obtained in 
the form 


AG) sin wal} = 2] R,(u) sin ud (68) 
T t 0 


Three properties of the filter can be deduced immediately from 
this equation: 


(a) Like the rectangular filter, it gives zero potential at times 
t = nm/we in response to an impulse, so that its pulse-sequence 
impedance to a pulse train at frequency 2mz¢ is a constant. 

(6) The integral vanishes for tf = 0, so that A(0) is independent 
of R2(u) and hence the pulse-sequence impedance is the same con- 
stant for all such filters. This agrees with the fact that the resistance 
integral, and hence the shunt capacitance, is the same. 

(c) The integral is positive for R2(u) of the general form shown in 
Fig. 23: consequently the oscillatory impulse response is smaller 
in magnitude for a filter with gradual cut-off than with infinitely 
sharp cut-off, which is in agreement with common experience. 
Small variations in alignment of filters or timing of samples should 
cause less variation in pulse-sequence impedance than with a sharp 
cut-off. 

18 
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A filter of the type described has lost one unrealizable feature 
of the rectangular filter, namely the infinitely sharp cut-off: but 
it it retains another, namely infinite attenuation over a band of 
frequencies. Any practical approximation will have finite 
attenuation just outside the band and a defined asymptotic 
behaviour at high frequencies. We assume that a ladder filter 
of the type shown in Fig. 24 can be made to give an approximately 
skew-symmetric transition between zero loss at low frequencies 
and a loss of (20 log A) decibels at 2w,, followed by a slope of 
6n decibels per octave. An extension of the preceding argument 
shows that the region below 2w, contributes nothing to the 
impulse response at t = mzr/w,, so that to find these spot values 
we need consider only the tail of the curve: 


ioe) 


2n 
y @ = a ce me (=) rN 
W, Th w We 


26 


(80) 


[The discussion on the above paper will be found on page 479.] 
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ie n4We|  2n . 2n(2n + 1)(2n + 2) 
aN ah? = (2mzr)4 Bia | 


The asymptotic expression converges only for mm > an, but in 
all cases the first term is an upper bound. 

For likely values of h and n this is very small for all m, except 
perhaps 1. Asan example, take a 4-element filter whose attenua- — 
tion at 2w, is the same as that of a maximally-flat filter 
(n = 4, h* = 257). In terms of the initial response A(O), the | 
response at the next sampling instant (m = 1) is about 0-001 5, | 
at the second (m = 2) about 0:0003, and substantially smaller 
for m> 3. These values are all smaller (and except for the first — 
they are some orders of magnitude smaller) than those obtained | 
with the known filters for which Tables 2 and 3 were computed. | 
We conclude that a realizable approximation could exhibit 
substantially the desired property, that the overall transmission 
of a pulse system should equal the transfer function of the | 
filters alone. 


( 621,376.53 : 621.395.4 


SUMMARY 


The paper is the second of two papers on efficiency and reciprocity 
| in pulse-amplitude modulation, and experimental and practical aspects 
are discussed. Transmission with an overall loss of about 2dB is 
« achievable in practice and should be capable of improvement. 
Response is level up to about 4kc/s using 10 kc/s sampling, depending 
_ on the choice of filter. Subjective speech tests show that satisfactory 
transmission can be obtained with an economical filter network. 
Advantage is taken of the ‘transparency’ of the system to provide voice- 
frequency signalling. The potential applications for the technique of 
efficient and reciprocal pulse-amplitude modulation are reviewed 
| oriefly. 


(1) INTRODUCTION 


It has been found possible to achieve an efficient and reciprocal 
method of pulse-amplitude modulation for multiplex applications 
| 6y use of storage reactances. A comprehensive mathematical 
exposition is set out in the companion paper by K. W. Catter- 
_mole.! In the present paper the experimental evidence support- 
i ing the ideas is dealt with, and an account is given of the way 
| in which some of the practical problems have been met. 

The method consists essentially of the use of a storage reactance 
- at each line termination. The store at the transmitting end is 
_ charged slowly and continuously from the audio signal. It is 
' then discharged in a pulse to a common multiplex busbar. The 

receiving store charges up quickly during the pulse and discharges 
slowly and continuously into the audio load. Objective tests on 
’ several types of storage network are discussed in the following 
{ Section. The subjective tests have been grouped together in 
‘ Section 3. 


(2) OBJECTIVE MEASUREMENTS 
(2.1) Purpose 


__ A variety of storage networks were constructed, so as to obtain 
: experimental confirmation of the theory, to observe departures 
in behaviour from that of the ideal circuit due to practical imper- 
| fections such as switch loss, and to assist the choice of a suitable 
/ network for an experimental electronic switching model. 

Theoretical considerations suggest that a transmission response 
| approximately level to 4kc/s (with 10kc/s sampling) may be 
/ achieved with a suitable circuit. The results of this work support 
_ the theory and show that it is possible to devise a relatively simple 
| network which gives adequate transmission level and frequency 
' response for likely applications. 


(2.2) Choice and Construction of Filters 


It has been stated! that the ideal filter network for storage has 
sin (t/t;) 
t/t; 
‘period of pulses. The corresponding transmission should be 
4 proximately level up to frequencies near 5kc/s and then fall 
© as rapidly as possible. An ideal filter frequency response is 


42 impulse response of form , where f, is the repetition 
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shown in Fig. 1(d), where f, is the cut-off frequency, together 
with progressive approximations in Fig. 1(a)-(c). 

The filters were designed as maximally-flat ladder filters for 
use with one end open-circuited.2 The terminating capacitance 


Fig. 1.—Filter frequency-response curves. 


(a), (b) and (c) are successive approximations to the ideal, (d). 
‘ = Cut-off frequency. 


consisted of that of the delay line or tuned circuit, 1n these experi- 
ments fixed at 2000pF. For the tests a pair of 12-element filters 
were constructed to approximate closely to optimum conditions. 
A pair of 4-element filters were constructed as approximating to 
what was anticipated to be a practical compromise between 
performance and cost of components. Other more simple filters 
were also tested. The capacitors were close-tolerance silvered- 
mica types. The inductors were constructed using ferrite cores 
with a mica-spaced gap. Typical Q-factors were of the order of 
50 or 60. 


Fig. 2.—Impulse response for 12-element filter. 


A photographed impulse response is shown in Fig. 2 for a 
12-element filter. The calibration curve shows 25 microsec 
pulses at a recurrence frequency of 10kc/s. Frequency-response 
characteristics for the 4-element and 12-element filters are plotted 
in Fig. 3. These show some departure from theoretical curves 
for lossless components in having a rather lower cut-off frequency 
and some ripple in the case of the 12-element filter. However, 
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position transmission is through the modem system and, in the | 
lower position provided for comparison, transmission is by 
direct connection. : 

The speed of operation was chosen to be in accordance with 
practical requirements for good telephone quality with perhaps 
25 channels. Thus the diode bridge gate between modems was 
operated at a repetition rate of 10kc/s by pulses of 2microsec 
duration. 


(2.3.1) Transmission without Filters. | 


The first transmission measurements were made between — 
impedances chosen to give maximum transmission at zero fre- | 


os FREQUENCY, coe : : quency without filters. The condition for this was shown in | 

: ‘ Reference 1 to be w = 1-25, where « = t,/(CR), t, is the repeti- | 
Fig. 3.—Measured frequency response of filters. tion time, C the storage capacitance, and R the resistance of 
8 iyaive-cesane aren source and load. 4 


it is found that small variations in filter characteristics do not 
critically affect pulse transmissions. 

In later experiments, therefore, equal-ripple (Chebyshev) filters 
of small deviation have been used in preference to maximally- 
flat filters. For a given bandwidth and number of elements these 
have a sharper cut-off rate, which is useful in eliminating the 
unwanted components between 6 and 10kc/s. This feature is 
especially valuable in the voice-frequency dialling arrangement 
mentioned in Section 4. The frequency responses of two such 
filters are shown in Fig. 4. These are, respectively, a 4-element 
filter with 2°% ripple and a 5-element filter with 10% ripple. 


INSERTION LOSS, 48 


2 
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Fig. 6.—Frequency response of system (no filters, minimum loss at 
direct current). 


(a) Theoretical curve for lossless store and switches. 

(b) Measured curve for tuned-circuit storage. 

(c) Measured curve for delay-line storage. 

(d) As (c) but with additional switch resistance (single diodes in bridge). 


In Fig. 6 curve (a) shows the theoretical curve for a lossless} 
store and switches of zero forward impedance. Curve (5) shows 
the measured insertion loss for tuned-circuit stores, these being 
series circuits tuned to 250kc/s. Curve (c) shows the measured § 
insertion loss for 1 microsec delay lines. In both these tests the’ 


2 . 
FREQUENCY, k ¢/s 


Fig. 4.—Measured frequency response of Chebyshev filters. gate impedance was made as low as possible by the use of 3 point- | 
(Gy Fiveclement Alter GOS; temiey contact diodes (type 2X/10SG) in parallel in each arm. The 

storage time and capacitance of available junction diodes pro-' 

(2.3) Transmission Measurements hibited their use. Curve (d) is a repetition of curve (c), with! 


single diodes in the arms of the bridge. The 3-diode arrangement | 
would not be favoured in practice, on the grounds of the addi-. 
tional cost and increased crosstalk due to reverse leakage. 


A basic circuit for transmission measurements is shown in 
Fig. 5. Switches S; and S, are ganged so that in the upper 


Rae It will be seen that the experimental curves are similar in shape | 
She GENERATOR to the lossless theoretical one but exhibit greater attenuation. 
LN = increasing with frequency. An analysis of the use of a delay) 


line with a switch of appreciable resistance shows that an increase 

We of attenuation with frequency is to be expected, although of rather 
volTMeteR less extent than that observed. It is possible a more detailed | 
consideration of types of losses involved would lead to a closer. 
agreement with measured values. Fortunately, however, this. 
discrepancy in frequency response is not observed in the measure- | 
ments with filters, which are the cases of practical interest. } 
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(2.3.2) Transmission with Filters but without Transformers. 


| 

i CURRENT THROUGH SWITCH The next tests were made with network elements chosen to give’ 
a maximally flat response. Measurements were carried out. 

| using a diode bridge switch with three diodes in each of the 

96uS 9848 | arms. Curve (a) in Fig. 7 shows the case of maximally flat. 
2nS transmission with the capacitance of the storage device as the! 

Fig. 5.—Basic circuit for transmission measurements. only element. Curves (4)-(e) show the effect of increasing the 
f 
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’ much smaller than the sampling period f}. 
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Fig. 7.—Frequency response of system (high-impedance terminations). 


(a) One-element filter and delay line. 

(b) Two-element filter and delay line. 

(c) Three-element filter and delay line. 

(d) Four-element filter and delay line. 

(e) Twelve-element filter and delay line. 
(f) Twelve-element filter and tuned circuit. 


number of filter elements. These show the predicted approxima- 
dons to level response improving with more elaborate filters. 


' Curve (/) shows the transmission where the delay line of previous 
|. experiments has been replaced by a tuned circuit. 
_ joss is thought to be due to lower losses in the inductance of the 
' tuned circuit compared with those in the delay line. 


The lower 


(2.3.3) Transmission using Filters and Transformers: the Effect of 
Added Capacitance. 

In any practical multiplex system the pulse length 1, will be 

Hence the impedance 

of the pulse-forming line, R,, will be much smaller than that of 


' the signal source and load, R;, by the approximate relation 


R,/R, =t,/t.. With t, = 2microsec and t; = 100 microsec there 
will be an impedance ratio of 50. Choice of line impedance is 
restricted mainly by the consideration that it must be large com- 


| pared with the impedance of the diode switch closed but small 


chosen for line impedance. 


With existing diodes 500 ohms was 

Therefore a source and load impe- 
dance of about 25 kilohms is required, and to provide this with 
600-ohm audio terminations necessitates the use of transformers. 

The transformers used in the tests were made with a turns ratio 
of 1/6-4, and the last element of the filter was adjusted to com- 
pensate for the transformer leakage inductance. Transmission 
obtained with the 12-element filters is shown in Fig. 8. Curves (a) 


compared with it open. 
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Fig. 8.—Frequency response of system (600-ohm terminations using 
transformers). 


See Fig. 12 for nomenclature of gating arrangements. 


(a) Twelve-element filter: single gate («), tuned circuit, 

(b) Twelve-element filter: single gate («), delay line. 

(c) Twelve-element filter: triple gate (a, 6, Y), tuned circuit. 

(d) Twelve-element filter: triple gate («, 2, y), tuned circuit. 
line, 


1330pF on common 
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and (4), respectively, show the response for a tuned circuit and a 
delay line with a single gate. Curve (c) shows the case where 
transmission is via a common rail isolated from two stores and 
earthed between pulses. For curve (d) 1330pF is connected 
on the common line. It is shown in Reference 1 that this 
corresponds to a condition of theoretically zero loss and may be 
useful in practice where many channels on the common rail 
contribute to a high capacitance. As was predicted, the variation 
in level due to small changes in timing is reduced by this 
arrangement. 

Curves for the 4- and 5-element equal-ripple filters are given 
in Fig. 9. It will be seen that the 4-element filter with 2% devia- 
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Fig. 9.—Frequency response of system (600-ohm terminations using 
transformers). 


(a) Four-element Chebyshev: triple gate, tuned circuit. 
(b) Five-element Chebyshev: single gate, tuned circuit. 


tion gave a level response to nearly 4kc/s, but rejection outside 
the pass band was not much better than for a maximally flat 
filter, and probably not good enough for the voice-frequency 
dialling arrangement; the 5-element filter with 10% deviation 
obtained adequate rejection at the price of irregularity in the 
pass band. Something intermediate with five elements and 
about 5% ripple would probably be satisfactory for all purposes. 


(2.4) Waveforms 


A photographic record was taken of several waveforms 
commonly encountered in high-efficiency pulse modulation and 
demodulation using delay lines. Fig. 10 shows a typical wave- 


() 


Fig. 10.—Time-division-multiplex output waveform. 


(a) 6microsec 10kc/s synchronizing pulse. 
(b) 2microsec 125kc/s fine synchronizing pulse. 
(c) Modulated 2 microsec audio pulse. 


form on the multiplex output rail of a 24-channel transmission 
terminal using this technique: (a) is a 6microsec 10 ke/s synchro- 
nizing pulse; (b) is a 2microsec 125 ke/s fine synchronizing pulse; 
(c) is a modulated audio pulse. Both modulated and unmodu- 
lated audio channels are shown. 
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Fig. 11(@) shows the voltage-modulation envelope on a trans- 
mitting modem delay-line store in conjunction with a 4-element 
filter. The repetition period in this exposure was 114 microsec. 
The gradual charging up and characteristic delay-line discharge 
will be noted. This is followed by a few fluctuations due to 
imperfection of switching and delay-line waveforms. 


(a) (6) 


(c) (d) 
acs ¥; . 8 r : a? we 4 
Yo. 
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(e) (f) 
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Fig. 11.—Voltage-modulation envelope on transmitting modem. 


(a) Voltage-modulation envelope on transmitting modem. 

(6) Voltage-modulation envelope on receiving modem. 

(c) Voltage waveform on transmitting modem. 

(d) Voltage waveform on receiving modem. 

(e) Voltage waveform on transmitting modem over several audio cycles. 
(f) Voltage waveform on receiving modem over several audio cycles. 
(g) Discharge of transmitting modem into line. 

(h) Charge of receiving modem from line. 


Fig. 11(6) shows the corresponding receiver modem modulation 
envelope. The delay line is charged up quickly by the pulse 
and discharged slowly into the audio source. Similar transmitter 
and receiver waveforms displayed over a longer period are shown 
in Figs. 11(c) and (d). A 12-element filter was used here and 
audio synchronized with pulse repetition frequency. 

Figs. 11(e) and (f) show transmitter and receiver waveforms 
over several audio cycles. It should be noted that these are the 
waveforms at the pulse end of the filter, the pulse-frequency 
ripple in the final output being almost imperceptible. 

Fig. 11(¢) shows in detail the discharge of the transmitter into 
the line, a 12-element filter being used with 1-25kc/s audio and 
10kc/s recurrence frequency. Fig. 11(A) shows the correspond- 
ing conditions at the receiver. 
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(3) SUBJECTIVE TESTS 
(3.1) Purpose 


The imperfections of this or any other sampling system include 
band limitation, leakage of steady tone, and generation of 
spurious frequencies in the presence of a signal. Their combined 
effect in degrading transmission is not easily assessed by objective 
means. While it is possible by choice of a sufficiently elaborate 
filter or a sufficiently high sampling rate to reduce all these imper- 
fections to a point where they are clearly negligible, it is economi- 
cally necessary to use large numbers of channels despite the 
speed limitations of electronic switches, and to keep the apparatus 


per subscriber toa minimum. To decide how much degradation © 


was tolerable in conjunction with normal telephone apparatus, 
and thereby to settle on a simple but adequate modem network, 
subjective speech tests were carried out. 


The value of the results is limited by the artificial provisions 


and small scale of the tests. Nevertheless, an order of preference 
among various arrangements was registered which accords with 
objective properties. It was established that the type of imper- 
fection occurring in this system is not unduly offensive even in a 
rudimentary embodiment: and a reasonable standard was deter- 
mined for an adequate but economical network. 


(3.2) Circuit Conditions 


Two telephone subscriber’s sets of standard type (No. 332) 
were connected by alternative paths providing seven types of 
transmission: 


(a) Direct connection. 

(b) Delay-line storage multiplex with no filter. 

(c) Delay-line storage multiplex with 4-element filter. 

(d) Delay-line storage multiplex with 12-element filter. 
(e) Tuned-circuit storage multiplex with no filter. 

(f) Tuned-circuit storage multiplex with 4-element filter. 
(g) Tuned-circuit storage multiplex with 12-element filter. 


In the course of some tests the effects of changing subscriber’s 


sets and the introduction of capacitance on the line were also | 


tried. 


in Fig. 12. Subscriber’s sets are energized by a d.c. supply not 
shown and fed through an audio transformer to switch Sla. 
position 1 of this switch the multiplex system is by-passed via a 
2dB pad, which is included to make the speech level approxi- 


mately the same as for the multiplex system. On position 2, — 


connection is made to the simplest multiplex system using a 
source of optimized impedance but no filter. 


the diode bridge gates shown. When required, line capacitance 
can be added at point A to simulate the total capacitance of other 
channels. Switch S2 makes available either delay-line storage 
or tuned-circuit storage. Position 3 of switch S1 makes available 
a 4-element maximally-flat low-pass filter with cut-off approxi- 
mately half the repetition rate. Position 4 makes available a 
12-element filter which has a more even response in the pass band 
and a sharper cut-off than the 4-element filter. 


(3.3) Survey Conditions 


Thirty persons, chosen to include both sexes and as much 
variety of age and occupation as was available, were asked in 
turn to converse with an interviewer over the telephone link 
described. The seven conditions were selected at random by the 
interviewer, the other party having no clue to the type of trans- 
mission being used and, in most cases, no preconceived idea of 
the type of defects likely to occur. After listening and speaking 
to get the feel of each set of conditions, subjects were asked to 
award marks according to their judgment of the system as 


A block diagram of the circuit used for listening tests is shown 


In) 


A pulse generator | 
giving a 2microsec pulse recurring at 10kc/s is used to operate > 
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Fig. 12.—Circuit used for listening tests. 


compared with normal public telephone intelligibility, according 
- to the following rating: 


Opinion of intelligibility 


Considerably above average 


Above average 
Average Z 
Below average ae aA 
Considerably below average 


Intermediate marks were permitted if requested by people 
taking part, and a note was taken of any comments that were 
volunteered regarding the service. Test conditions were taken 
in random order. 


(3.4) Results 
(3.4.1) Average Estimate. 


The average estimate of each type was as follows in order of 
merit: 


Direct connection - ne 4-18 
12-element filter and delay line 4-15 
12-element filter and tuned circuit 4-03 
4-element filter and tuned circuit 3:92 
4-element filter and delay line .. 3-48 
No filter with tuned circuit 3-02 
No filter with delay line 2°80 


_ +3.4.2) Impressions. 

The direct connection and the 12-element filter modems were 
most generally praised, as expected. Each of these was described 
as the ‘best’ by one or more subjects. However, only the direct 
eonnection educed the most favourable comments on fidelity: 
he modems met with several mild criticisms, mostly using 
momatopoeic terms such as ‘buzz’, ‘burr’ or ‘mush’ to describe 
. slight crackling or rasping noise most noticeable on explosive 

onsonants. This effect is undoubtedly present; it appears to 


derive in part from the generation of difference frequencies in the 
sampling process, but was accentuated by overloading on peaks 
and could probably have been reduced by limiting. With the 
12-element filters it is not very pronounced, and passed unnoticed 
by some subjects even with loud talking. 

The 4-element filter modems exhibit the same effect to a rather 
greater degree, and similar comments were made. This condi- 
tion also provoked the interesting observation that the buzzing 
is More apparent on the sidetone than on transmitted speech. 
The rudimentary modems without filters, although invariably 
passing perfectly intelligible speech, were criticized not only for 
the effect mentioned above but also for whistles and for obvious 
treble attenuation. 

Capacitances of 1470pF and 1330pF introduced on the 
common line did not conspicuously alter the general pattern of 
results except in the case of no filter with the delay line, where 
slight deterioration was noticed. 

It would appear that a discerning ear clearly detects the 
improvement in reproduction when the response is not restricted 
to 5kc/s. However, multiplex systems using 4-element and 
12-element filters are quite acceptable as giving good intelligibility 
as distinct from fidelity. A full-time telephone operator said 
that all transmissions sounded very good compared with her 
switchboard. People who habitually used the telephone rated 
the multiplex systems with filters nearly as highly as the direct 
connection. People less used to the telephone tended to be 
more distracted by the imperfections of the less good systems 
and accordingly marked them down. Some people found it 
difficult to distinguish much difference between systems. The 
difference also seemed less apparent when listening to women 
speaking than to men. 


(3.5) Conclusions on Listening Tests 


A 4-element filter seems a good provisional choice, judging by 
speech transmission alone. There is a case for a slightly better 
filter which would be appreciated by some people. A filter of 
considerably more elements is unnecessarily extravagant with 
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components. A slight adjustment of choice of filter may occur 
in practice, where lines may be subject to distortion, interference 
and attenuation due to other causes; and the voice-frequency 
dialling scheme requires a somewhat sharper cut-off than was 
used in these tests. 

It should not be thought that a multiplex system implies a 
lower quality of transmission. For example, the net band over 
a universal telephone system used at present may be 400 c/s—2 ke/s 
or less,? with which the bandwidth of the pulse modem used in 
these tests compares most favourably. 


(4) VOICE-FREQUENCY SIGNALLING 


The theory of 2-way pulse modems developed in Reference 1 
deals specifically with the problem of obtaining maximum power 
transfer, which necessarily leads to circuits which match their 
terminations fairly well. The fact that the system is both low- 
loss and reciprocal implies, however, that it is ‘transparent’ and 
that impedance changes can be ‘seen’ through it. In less visual 
language, the current incident on a mismatch can be considered, 
in the usual way, as dividing into a transmitted and reflected 
component. If the low-frequency termination of a pulse modem 
differs appreciably from the matching impedance, then some of 
the signal current is reflected back into the modem: because of 
the reciprocity, it is translated into pulses and conveyed through 
the normal route back to the signal source, and the input impe- 
dance of the remote modem, as faced by the signal source, is 
modified as a result of the mismatch on the output. This view- 
point is familiar in transmission-line theory, and is readily 
developed in detail for the pulse system. 

The application of reflections to voice-frequency signalling is 
illustrated by the experimental circuit shown in Fig. 13. Two 
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Fig. 13.—Basic circuit for voice-frequency signalling with two 
synchronous pulse modems. 
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synchronous pulse modems were connected together, one having 
a matched load, with provision for short-circuiting, the other 
being fed with a v.f. tone through a hybrid transformer, with a 
balancing network on the conjugate arm chosen so as to annul 
the output from the balancing winding. When the short-circuit 
was applied to the remote modem, a substantial output was 
obtained from the balanced winding. Since the input impedance 
of the modem is not a constant quantity, but varies periodically, 
it could not be exactly balanced by a passive network: the v.f. 
component of the output could be annulled, but some higher- 
frequency components remained. Despite this, the ratio of the 
peak amplitudes in the two conditions (short-circuit and ter- 
minated) exceeded 20 with practical modems, a factor which is 
readily detected with a fair margin of safety. A fairly sharp 
cut-off is required in the low-pass filter to obtain this figure: the 
12-element maximally-flat and the 5-element 10% ripple filters 
described in Section 2 were adequate, but the simpler filters 
were not. 

The potential on the receiving store is normally of the form 
shown in Fig. 14(a). When the short-circuit is applied the wave- 
form changes to that shown in Fig. 14(b), with approximately 
equal weight on either side of zero. It is clear that the waveform 
(a) contains a substantial low-frequency component, whereas (6) 
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Fig. 14.—Voltage on receiving modem store. 


(a) Output correctly terminated. 
(6) Output short-circuited. 


does not: this would be expected, since little or no power is 
delivered into the short-circuited modem. 

In telephone-switching systems, pulse signals produced by a 
dial are used either to actuate a selecting mechanism directly, or 
to set up selecting information in a register. 
conveyed from any calling subscriber to the unit which utilizes 
them, and to avoid the provision of further switched paths it is 
useful if they can be sent through the speech path. The 2-way 
pulse modem, like certain other electronic switching schemes, is 
normally used with transformers to obtain reasonable impedance 
levels at all points: it cannot pass direct current or sub-audio 
frequencies efficiently. Consequently, dialling signals can be 
conveyed through it only after translation to voice frequency. 
Clearly, it is uneconomical to provide a translator or generator 
for every subscriber’s line. Using the effect described, a central 


tone generator and detector, associated with a register, can be © 


connected through the speech path to any calling subscriber and 
tone from the generator reflected to the detector by applying a 
short-circuit, or other substantial mismatch, on the subscriber’s 
line circuit. 

The reflection could occur at the subscriber’s set, but to avoid 
the effect of varying line lengths and attenuation it is better to use 
d.c. signalling on the subscriber’s loop and to cause a v.f. mis- 
match at the exchange. The mismatch must be applied, by 
economical means, when the subscriber’s line current is either 
interrupted (as in the conventional system) or increased (as is 
more convenient in an electronic system under development). 
Quite a good short-circuit can be obtained using two semi- 
conductor diodes (preferably low-impedance junction diodes) 
which are normally biased off but arranged (in opposite senses) 
to form a conducting path when required. A single diode 
shunted across the line has been found fairly effective and is easily 
arranged to conduct or not according to the magnitude of the 
line current. 


A preferred arrangement is to use a saturable transformer in 


the audio path. This produces almost as good a reflection as | 


the short-circuit, and a better one than with a single diode: the 


They must be © 
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fact that its phase shift is different is not significant in this | 


application. Since the transformer must not approach satura- 
tion on normal line current, or distort speech signals, it is best 
to make the line current drawn during a dial pulse substantially 
larger. A refinement which assists in obtaining a clear-cut dis- 
tinction between the two conditions is to balance the normal line 
current by a direct current in the other winding, as shown in 
Fig. 15. In a circuit designed for use with a low-consumption 
subscriber’s set developed in this laboratory, the current magni- 
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Fig. 15.—Short-circuiting by means of a saturable transformer. 


MODULATION: 


tudes are: normal line current 4mA (+1mA); balancing current 
4mA; dialling current 12mA (+2mA). No difficulty was 
found in making a suitable transformer. 

Further tests were made using a standard telephone dial, com- 
pleting a resistive circuit, to drive pulses of current through a 
saturable transformer as above, with an amplifying detector using 
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Fig. 16.—Circuit for dialling over a modem system. 


two junction transistors (Fig. 16) to operate a relay. With 
precise balancing, the arrangement functioned as expected. In 
& practical telephone network, the impedances of the subscribers’ 
lines vary considerably and exact balance will not be possible. 
To see how much trouble this would introduce, the line-simulating 
network (Fig. 16) was set at 1 100 ohms and 0-2 uF (taken rather 
arbitrarily as a typical value) and the balancing network adjusted. 
it was found possible to set the detector sensitivity so that correct 
operation occurred over a wide range of values of the line- 
simulating network, namely 400-1400 ohms and 0-1-0-3 uF; 
although the margin of safety was, of course, small near the 
extreme values. It is not possible to say whether the range of 
impedances encountered in normal telephone practices could be 
covered, since this range is not known. However, it seems quite 
safe to say that with short lines, such as are connected to a 
_p.b.x., the method should be applicable. 


(5) ELECTRONIC SWITCHES 
(5.1) Switching Devices 

It is not proposed to describe in detail the transistor and diode 
circuits in conjunction with which the pulse modem was 
_developed.4 Although the principles can in fact be used with 
mechanical, thermionic, semi-conductor or magnetic switching 
devices, the semi-conductors appear most suitable, combining 
moderately high speed, very low forward potential difference 
when conducting, and reverse leakage when non-conducting 
| which is sufficiently low for most purposes. 

The major part of the work was done with balanced switches 
of the form shown in Fig. 17 using four point-contact diodes, 
|For switches in continual periodic operation, dynamic bias 
developed across a condenser and resistance suffices: otherwise 
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Fig. 17.—Balanced switch using point-contact diodes. 
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Fig. 18.—Symmetrical junction switch. 


some static bias is also provided. More recently, symmetrical 
junction transistors have been available (Fig. 18); these consume 
less switching power and have lower forward drop than diodes, 
and will be favoured in future work. Switching pulse trains 
(usually 2microsec pulses at 10kc/s) have been derived from 
blocking-oscillator circuits using point-contact transistors. 


(5.2) Switching Power 


Electronic switching devices also impose voltage and current 
limits. With balanced diode switches coupled by transformers 
to transistor pulse generators, there are two distinct types of 
limit—on the voltage and on the current separately, due to the 
diodes, and on their product, due to the transistor. The current 
rating required is set by the peak current during the pulse; the 
voltage rating by the peak p.d. to be isolated in a multiplex 
system, i.e. the sum of the peak voltage across the store between 
pulses and that on the common line during a pulse. These 
quantities below are tabulated for unit p.d. transferred from one 
store to another for each type of store mentioned: 


Store Current* Voltage Product* 
Delay line .. 1 1-5 (bos) 
LC without line capacitance {TORY 15 2:36 
LC with line capacitance .. 2:04 1°75 357 


(C’ = 2C/3) 


* In units of C/T, where C is storage capacitance and T is pulse duration. 


At present, the pulse power available from a transistor is only 
just enough to drive a diode switch in a speech modem, so that 
the extra power required by the LC circuit is a temporary 
hindrance: however, the symmetrical junction transistor is easily 
applicable in any of the circuit arrangements. 


(5.3) Losses and Crosstalk 


The minimum loss so far achieved is a little under 2dB, of 
which rather more than half is due to dissipation and other 
departures from the ideal in the storage networks, and the 
remainder due to losses in the switches. Since the bulk of the 
work was done, diodes have been received in sample quantities 
which allow some reduction in loss, and the junction transistors 
are also somewhat better: with foreseeable development in 
semi-conductor devices most of the present switch loss should be 
eliminated. 

Storage network imperfections may be classified as: 


(a) Loss in pulse-forming network. 
(5) Loss in filter coils. ; 
(c) Departure of filter characteristic from the ideal. 


The first two might be reduced slightly by component develop- 
ments: in the low-frequency filter coils there will be an economic 
as well as a technical limit. With a single LC circuit, (a) is 
normally a small fraction only of the total loss. The effect of 
the third factor can be reduced by use of more elaborate filters, 
but, apart from obvious drawbacks, the addition of further coils 
increases the filter dissipation: it is doubtful if anything is gained 
by going beyond six to eight elements. All things considered, 
the minimum attainable loss is probably about 1 dB or a little over. 

Crosstalk in a multiplex system depends on the reverse leakage 
and capacitance of the switching device. It will be noticed that 
only one series switch has been used, whereas it is common 
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practice in gating circuits to use several series and shunt diodes 
in cascade. Although this would be feasible in pulse modems, 
it is not necessary because any switching device provides better 
crosstalk margins when used in a modem than when used as a 
simple sampling gate. There are two chief sources of crosstalk, 
each of which is attenuated by use of storage: 

(a) Leakage of unwanted audio signals to line at the transmitter 
during pulse period of wanted channel. Because the impedance 
ratio R,/R, is quite large (~t,/t,) the impedance R is much 
lower [by a factor of the order of (¢,/t,)4+] than a normal gate load: 
this impedance acts as the lower part of a potential divider whose 
upper part is the reverse impedance of the switch, and so increases 
the voltage attenuation by the factor quoted. 

(b) Leakage of unwanted pulse to the channel circuit at the 
receiver. The audio component of the unwanted pulse is 
extracted, whereas the wanted channel pulse is completely 
utilized by the process of efficient reception. 

From each cause separately, and hence from their sum, the 
efficient modem is better than a simple gate by a factor of about 
t,/t) in power: thus, with the same potentials to be isolated, the 
crosstalk margin would be better by about 10 log t,/t, decibels. 
However, the potential on the storage capacitance changes con- 
tinually over the sampling cycle, and is a little over double the 
pulse amplitude just before the sampling pulse. Consequently, 
crosstalk from a given channel into the preceding channel is 
about 4dB more than appears from the above reasoning, and 
crosstalk into the following channel very much less. With 
2microsec pulses at 10kc/s (25-channel rate) measured values of 
crosstalk margin were in the range 46-66dB with commercial 
point-contact diodes, and 55 to over 70dB with junction 
transistors or improved laboratory diodes. 


(6) POTENTIAL APPLICATIONS 


There would appear to be three main fields of application for 
the technique which has been evolved for obtaining efficient and 
reciprocal pulse-amplitude modulation (p.a.m.). These are: 


(a) Direct use of p.a.m, in transmission systems. 
(b) Use as an intermediate stage towards other pulse methods. 
(c) Use in switching systems. 


(6.1) Transmission 


It is generally accepted that pulse methods are not suited to 
long-distance transmission on cable, since they require unusually 
good phase equalization and consume a grossly uneconomical 
bandwidth. Pulse methods are more readily used over radio 
links. Pulse-amplitude modulation is not commonly used 
because it is supposed to be more vulnerable to noise than are 
other modulation methods. In fact, much depends on the 
method of carrier modulation. Landon, in a comprehensive 
study of multiplexing,> concludes that with a given bandwidth, 
p.a.m. on frequency-modulation is somewhat superior to p.t.m. 
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on amplitude-modulation in rejection of both thermal and impul- 
sive noise, and causes less interference with adjacent channels, 
provided that both positive and negative pulses are used. The 
radio link is not reciprocal, so the terminal apparatus must be 
worked on a 4-wire basis. The power efficiency of the chan- 
nelling apparatus used keeps the size, cost and power consump- 
tion down, and enables low-power devices such as point-contact 
transistors to be used. 

Other pulse methods commonly require more complex modu- 
lators and demodulators; the use of p.a.m. for channelling, 
together with a single modulation convertor, may often be 
economical, and also allows the insertion of a common com- 
pandor. In this case also the present technique makes for 
economy. 

(6.2.) Switching 


In a switching centre, where the multiplex signal is not degraded ~ 


by a long, noisy and band-limited transmission path, noise and 
bandwidth are relatively unimportant: economy and reliability, 
combined with reasonable crosstalk margins, are paramount. 
For this reason, all the known working models of, or serious 
proposals for, multiplex switching schemes utilize p.am. The 
economy and simplicity inherent in p.a.m., as compared with 
other modulation methods, are both enhanced by the use of 
efficiency and reciprocity. The possibility of passing a signal 
through several multiplex selectors in cascade, with simple 


apparatus and low loss, and without converting to 4-wire working, — 


taken in conjunction with an economical means of generating the 
control pulses and storing the connecting information, may well 
effect a revolution in the field of electronic switching. 
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SUMMARY 
Point-contact transistor circuits to generate pulses in the microsecond 
range are described, together with means of frequency-dividing and 
interlacing pulse trains and their application to time-division operation 
of telephone transmission and switching systems. 


(1) INTRODUCTION 


Time-division multiplexing of telephone circuits is well 
established in radio transmission and is now considered for 
exchange switching and cable transmission also. Whatever the 
modulation method, numerous pulse trains are required at 
reasonably precise relative time positions. The main functions 


. are: 


(a) Generation of steady timing pulse trains. 

(5) Frequency division of pulse trains. 

(c) Interlacing of many trains with permanent time positions. 
(d) Interlacing of many trains with assignable time positions. 


Transistor circuits have been developed for each function. 


While either junction or point-contact transistors can be used, 


the point-contact type is more immediately suitable for the class 


of circuit considered and most of the paper describes its use. 


For normal telephony, sampling rates of 8-10kc/s are used. 
Transmission groups of 12 or 24 channels are commonly used 
and the equivalent of at least one extra channel is required for 
synchronizing. Switching selectors require at least 16-18 
positions, preferably more. The initial aim in this work was the 
establishment of basic techniques for a pulse repetition rate of 
250kc/s, equivalent to 25 channels with 10kc/s sampling. 


(2) TRANSISTOR PULSE GENERATORS 


(2.1) A Basic Circuit 


The first necessity is a basic pulse generator, capable of pro- 
ducing at sufficiently high speed a train of approximately 
rectangular pulses whose width shall depend on the external 
circuit rather than on the device. 

A distinctive property of the point-contact transistor is that 
it has current gain without phase change; this means that any 
simple back-coupling element, such as an impedance in series 
with the base or an admittance between emitter and collector, 
provides regenerative feedback which can be used as the basis 
of an oscillator or trigger circuit. To produce pulses of defined 
width the coupling element must define a time, and hence should 
contain a delay line or a tuned circuit. 

A suitable circuit is shown in Fig. 1(a). The collector of the 
‘transistor is connected, through a load resistance of a few 
“ilohms, to a negative supply (in the range 20-50 volts), and the 
nitter, through a higher resistance, to a positive supply (capable 
of delivering a current in the range 1-10mA). Feedback from 
<ollector to emitter is through a delay line used as a 2-terminal 
admittance. The impedance of the line, in relation to that of 
‘ie load, is determined by the method used in the Appendix. 

Consider the circuit to be quiescent, with the emitter slightly 
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Fig. 1.—Simple pulse generators. 
(a) With delay-line timing. 


(6) With LC timing. 
(c) Waveforms. 


negative, the collector at a large negative potential, and the line 
charged to their potential difference. Current from the positive 
supply flowing through R, causes the emitter potential to rise: 
when it becomes positive, collector current flows, which tends to 
discharge the line and drive the emitter further positive. The 
action is regenerative, and continues until the collector potential 
has risen almost to zero; it produces the leading edge of the 
output pulse shown in Fig. 1(c), and at the same time a step is 
launched down the line. 

An equilibrium condition with steady currents in the emitter 
and collector, and at the terminals of the line, is maintained for 
a period equal to twice the line’s delay time; then the step of 
voltage on the line, having been reflected in phase at the open- 
circuit end, returns to oppose the applied voltage step and 
greatly reduce current feedback to the emitter. The transistor 
turns off regeneratively. The collector potential falls rapidly 
nearly to its initial value; since the reverse resistance of the 
emitter is high, the line does not discharge appreciably during 
the trailing edge, and the emitter potential falls to nearly twice 
the negative potential of the collector. 

Current from the positive supply flows into the line, recharging 
it in the original sense; the emitter potential rises, ideally in a 
staircase waveform but practically (if, as is common, the recovery 
time is much greater than the pulse length) in a smooth curve 
with a few ripples. When the emitter goes positive, the transistor 
turns on again, and the cycle repeats. 

Another suitable circuit is shown in Fig. 1(b), in which the 
delay line has been replaced by a tuned circuit. The operation 
is generally similar: the transistor turns off regeneratively when 
current through the tuned circuit falls below that necessary to 
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maintain the ‘on’ condition. The pulse length is about half a 
period, ie. 7/(LC). The rate of rise of the pulse current is 
limited by the inductance L: an approximate mathematical 
analysis shows that, if the delay in the transistor were negligible, 
the rise would be almost exponential, with time-constant 
L|(« — 1)R, (where R, is equivalent to the transistor output 
resistance in parallel with R,). In fact, the rate of rise is also 
limited by the transistor properties; quite commonly these 
dominate, and little difference is noticed between the waveforms 
of the two circuits. 

These circuits must be distinguished from that with feedback 
through a condenser only. The latter has no time determination 
built into the external circuit; it depends much more on transistor 
properties. For this reason, it has been found useful in transistor 
testing but not in working circuits. 


(2.2) A Triggered Pulse Generator 


The free-running pulse generators shown in Fig. 1 are easily 
converted to triggered operation. Negative bias applied to the 
emitter through a diode [Fig. 2(a)] prevents the transistor from 
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Fig. 2.—Triggered pulse generator. 


(a) Circuit. 
(6) Waveforms, 


firing until either a positive pulse is applied in series with the 
emitter bias [Fig. 2(b)] or a negative pulse is applied to the base. 
The recovery time, which depends mainly on CR,, must be 
shorter than the interval between trigger pulses. During the 
recovery period current is flowing into the condenser C through 
R, and R,: consequently, the emitter and collector potentials 
vary in opposition, but since R, is normally much less than R, 
the excursion at the collector within this period is much smaller. 

This circuit gives a positive-going output for a positive-going 
trigger. By inserting a resistor R, in series with the base, a 
negative-going trigger pulse can be used and a negative-going 
output pulse obtained. The circuit and waveforms are shown 
in Fig. 3. In the quiescent state, the base is at negative potential, 
owing to collector current flowing through the base resistance; 
the emitter must be biased still further negative to hold the 
transistor off. If a stable triggering level is required or if only 
small trigger pulses are available, it is best to fix the base potential 
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Fig. 3.—Pulse generator with base resistance. 


(a) Circuit. 
(6) Waveforms, 


by a diode returned to a suitable negative supply. When the 
base is taken negative with respect to the emitter, the transistor 
turns on. Since the collector current exceeds the emitter current, 
the net base current drives the base negative; this improves the 
regenerative action and tends to sharpen the pulses. The 
potential of the emitter, which is conducting, follows that of the 
base, remaining slightly above it during the pulse. The voltage 
excursions at base and collector are proportional to R3 and Rp, 
respectively, as is demonstrated in the Appendix. 

Even if no negative output is required, the use of base resistance 
may be advantageous. It improves the regenerative action: it 
ensures definite triggering when the trigger pulse is much shorter 
than the output, because the immediate large shift in base and 
emitter potentials disconnects the triggering source. Usually 
less time and energy is needed to trigger on the base than on the 
emitter. An output from the base of one transistor is at a con- 
venient level for triggering another. A disadvantage of using — 
base resistance is that the triggering level depends on the standing 
collector current (which is a rather variable quantity) unless the — 
quiescent base potential is fixed by a catching diode. | 

Any combination of positive and negative trigger and output 
may be used. Circuits to be described in Sections 3 and 4 use 
both triggers and both outputs at once. 


(2.3) Frequency Division by a Small Factor 


The circuits described above may be used for frequency — 
division over a narrow range of driving frequency. To divide 
by a factor n, the given pulse train is applied to a trigger circuit 
whose recovery time is chosen to fall between (n — 1) and 
n periods; having responded to the first pulse of the train, the - 
transistor is biased off until after the (n — 1)th pulse but is free 
to respond to the nth. 

With a circuit of the same configuration as that shown in 
Fig. 2(a), but with suitable component values for division by 3, 
the waveforms shown in Fig. 4 are obtained. To ensure opera- 
tion from trigger pulses much shorter than the output pulse, 
either the impedance of the trigger source must be high (e.g. the 
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Fig. 4.—Waveforms of simple frequency divider. 


collector of another transistor) or base resistance must be 
inserted so that the immediate change of potential disconnects 
the trigger source. This point is of some importance,in a long 
chain of dividers, where it is often necessary or convenient to 
increase the pulse length as the repetition rate falls in successive 
stages. 

An example of base coupling is shown in Fig. 5. This circuit 
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Fig. 5.—Two-stage frequency divider. 


(a) Circuit. 
(b) Waveforms. 


is a 2-stage divider by 9, which operates from a pulse or sine- 
wave input at about 100kc/s. 

The division ratio obtainable depends on the extent of probable 
fluctuations in recovery time. Division by 2 or 3 is stable with 
normal components and power supplies. Division by 4 or 5 is 
stable if supply-voltage fluctuations are only a few per cent; 
larger changes can be tolerated if the positive and negative 
supplies vary together, for instance if they are derived by separate 
rectifiers from a common a.c. supply. For long-term reliability, 
stable components (especially C and R,) are necessary, and an 
ageing transistor may give trouble sooner in a divider than in 
4 simple pulse circuit. Division by a number greater than 6 
‘s probably not worth attempting without stabilized supplies 
and catching diodes to standardize the waveforms. 


(2.4) Frequency Division by a Large Factor 


The type of circuit so far described is not suitable for division 
oy large factors because the reset time varies rapidly with change 
of supply potentials or properties of devices. To achieve stable 
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division by factors of 20-30 in one stage, a form of timing 

dependent only on passive components has been introduced. 
The basic circuit has regenerative feedback through a pulse- 

forming circuit, shown in outline in Fig. 6, which may be a delay 
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Fig. 6.—Schematic of basic pulse generator. 


line [as shown in Fig. 1(a)]. It produces a single pulse when 
triggered by raising the emitter potential above that of the base. 
The action may be inhibited by a bias potential on the base: then, 
if a gating pulse is applied to the base, the transistor is triggered 
by whichever pulse in the timing train falls within the period of 
the gating pulse (Fig. 7). 
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(b) 
Fig. 7.—Gated pulse generator. 


(a) Schematic. 
(6) Gating waveforms. 

The essence of the stable divider is that a gating pulse is 
obtained from the operating pulse by delayed reflections from a 
pulse-spacing network (some form of delay line) in the base 
circuit [Fig. 8(a)]. If the timing pulse spacing is fg, it is obvious 
that division by a factor of n can be obtained by recirculation 
through a line of length ntg; for the arrangement to be useful in 
practice the required line must not be prohibitively large or 
expensive and the tolerances on the line and other components 
must be reasonably wide. The length of line required can be 
reduced by using several traversals. An open-circuit line in the 
base lead of length 4nfp returns a suitable gating pulse after one 
reflection from the far end [(i) of Fig. 8(b)]. A short-circuit 
line of length 4nfp returns an inverted pulse (the wrong polarity 
for gating) after tnfy; this is reflected without inversion from the 
transistor, which when non-conducting presents a high impedance 
to the line, and a gating pulse returns after a second reflection 
at the short-circuit [(ii) of Fig. 8(6)]. 


474 


+ ~- 


PULSE- 


FORMING 
bal FEEDBACK a 


Fig. 8.—Self-gating frequency divider. 


(a) Schematic. 
(6) Self-gating waveforms. 


Further reduction of the line length by a factor of 2 or 3 can 
be obtained by choice of recovery time. Simple dividing circuits 
are so arranged that recovery occurs after a time which exceeds 
(n — 1)fg but is less than nf, permitting the generator to respond 
to the nth timing pulse. This principle may be applied to the 
present circuit by using a short-circuit line of length 4nfo/r, 
and arranging recovery to occur after a time which exceeds 
nto(r — 1)/r but is less than nfo. The generator operates on 
coincidence of the nth timing pulse and the rth gating pulse. 
The stability of recovery time required is slightly greater than 
that suitable for division by factor r; this may be 2 or 3 with 
great reliability, and possibly more if the supplies are stabilized. 
This method is used in the time-division selector circuit described 
in Section 4. 

The resolution required in the line depends on the pulse widths 
and amplitudes and on the permitted tolerances of bias potentials 
and delay time. As a rough guide, the rise-time of the reflected 
pulse is conveniently made about 4%, so that the ratio between 
delay and rise-time is 27:1; then the number of sections 
traversed is required to be about 4n. If the line is traversed 
8 times, the number of sections in the line is about 4n. 

An example in which a short-circuited line of length }ntg is 
used, with a factor of 2 gained by reliance on recovery time, is 
illustrated in Section 4. The waveforms for this arrangement 
are shown in Fig. 9. 

Several other basically similar arrangements have been con- 
ceived which may turn out to be equally practicable or to have 
some advantages. There are two feedback functions (pulse- 
forming and pulse-spacing, respectively) and two positions where 
networks may be placed to obtain regeneration (emitter-collector 
admittance and base impedance, respectively). The allocations 
of functions to the positions could be interchanged, or networks 
for both functions placed in one or other position. The timing 
waveform, which has been shown as applied to the emitter, 
could equally well be applied to the base. One further example 
of a tried circuit must suffice (Fig. 10). 


(2.5) Interlacing of Pulse Trains 


A number of generators may be required to operate either in 
a permanent sequence or in an assignable sequence chosen from 
a repertoire: the first mode is characteristic of time-division 
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Fig. 9.—Waveforms showing division by a large factor. 
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Fig. 10.—Alternative form of frequency divider. 


transmission, the second of switching circuits. In either case, 
sequential operation implies that each generator is normally 
inhibited from response to timing pulses and is released by a 
specific signal: this may be accomplished by gating on the base 
[Fig. 7(a)], as in the divider described above. 

For a generator with a permanent time position, the gating 
pulse can be derived by static delay from a generator earlier in 
the sequence. Also, in general, an output must be provided for 
controlling the following member of the sequence. This is 
described in Section 3.2. 

The generator with a range of assignable time positions 


requires at least one pulse from an external source to define the — 


position chosen, but thereafter generates its own gating pulse 
and so retains that position. The arrangement is similar to the 
dividing circuit considered in Section 2.4 and is described in 
Section 4.1. 


(2.6) Transistor Operating Speed 


There are three classes of circuits which are frequency-limited 
by transistor properties in different ways: 


(a) Linear amplifiers and sine-wave oscillators, which depend on 
steady-state frequency response. 

(6) Non-bottoming pulse circuits, in which, despite non-linear 
operation, the transition rates attainable are usually related to the 
steady-state frequency response. 


(c) Bottoming trigger circuits, in which, mainly because of hole 
storage, transition rates are not related to steady-state properties. 


The speed attainable in the circuits described has been found 
to depend on the small-signal steady-state frequency response 
of the transistor, the frequency response of the external circuit, 


the magnitude of the regeneration, and the magnitudes of the 
currents in the transistor. 
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Limitation by the external circuit is noticeable only if the 
time-constants of the feedback path are long in relation to those 
of the transistor. This can occur with the tuned-circuit feedback 
shown in Fig. 1(5), for which the relation quoted in Section 2.1 
has been Toughly verified. Usually it can be avoided by use of 
a fairly simple lumped delay line of a few sections: particularly 
simple networks are permissible if the load is not resistive but 
either is inductive or takes the form of a biased diode switch 
so that little current is drawn initially. 
With low currents, an adequate feedback network and only 
just enough regeneration, the rise-time is closely correlated with 
the steady-state properties of the transistor: the in-phase com- 
ponent of current gain at a high frequency, say 1-5 Mc/s, appears 
to be the best comparative measure, but the 3dB « cut-off 
frequency is almost as good. Measured rise-times in these 
conditions range from 0-1 to 0-7 microsec for various specimens 
of point-contact transistor. 

With greater regeneration, using a feedback admittance of 
several times the minimum value, faster and more uniform 
operation can be obtained. Typical circuits have given rise- 
times in the range 0-1-0-2microsec, with collector current of 
about 100-120 mA and emitter current of 60-80mA. To obtain 
maximum speed and power, a feedback transformer to augment 
the current gain is useful. Pulse power of 2 watts (40 volts and 
50mA swing) is readily obtained with this speed. 

The time required to turn off a transistor can be much longer, 
owing to a hole-storage effect; when the transistor has been con- 
ducting heavily, collector current persists for a time after the 
emitter is biased off. The period varies considerably from one 
transistor to another, and with the magnitude and duration of 
the preceding emitter current. The best way to reduce and 
standardize the turn-off time is to maintain the collector potential 
‘sufficiently negative to absorb all the emitted holes, and this can 
be done by means of a catching diode returned to a suitable 
negative potential.?-> A collector-to-base potential difference of 
a volts is generally adequate. In many applications of these 
circuits, the dominant load has been some form of biased switch 
which conducts heavily when a threshold voltage is exceeded: 
in such a case, separate provision of a catching diode is not 
usually needed. 


(2.7) Junction Transistors 


The circuits described above have something in common with 
the blocking oscillator: they differ from it in that the combina- 
tion of gain and phase available in a point-contact transistor 
makes the usual transformer unnecessary. The use of a trans- 
former to augment the current gain increases the resemblance: 
it is then a short step further to a circuit in which all the current 
gain comes from the transformer, the transistor being a junction 
device with a less than unity.4 

Without describing a variety of circuits in detail it may be 
stated that all the functions described have also been accom- 
plished using junction-transistor blocking oscillators.* 


(3) APPLICATION TO TELEPHONE TRANSMISSION 


(3.1) Methods of Multiplex Pulse Generation 


For the generation of precisely timed interlaced pulse trains 
there are three main possibilities: 


(a) A master generator at the sampling rate, driving a tapped 
delay line, with a triggered generator driven from each tap. 

(6) A master generator at the pulse repetition rate (i.e. the product 
of the sampling rate and the number of time positions) driving a 


* When this work was started, junction transistors which could attain the speeds 
required were not available. In consequence, numerical values in the paper relate 
only to point-contact devices: the junction-transistor analogues have been realized 
only at lower speed and power. With the advent of improved junction transistors 
similar speed is now possible, although at somewhat lower power levels. 
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binary counter, which produces the channel pulse at the outputs of 
a tree or matrix of diode switches. 

(c) A master generator at the pulse repetition rate, driving a ring 
counter with one stage for each channel. 


The choice between these methods has been guided by the 
properties of transistors and by experience with the simple pulse 
generators so far described. The main factors are: 


(i) There is a maximum speed of operation. At present, due 
mainly to hole-storage effects, higher rates have been attained in 
generators of the type described than in conventional bistable 
circuits. * 

(ii) There is no driving point of negligible impedance or admit- 
tance; an amplifier has less power gain, and a regenerative circuit 
requires more triggering power, than if hard valves were used. 

(iii) The pulse generator described in Section 2 is a versatile basic 
circuit, with two trigger inputs and two outputs, and not too critically 
dependent on transistor characteristics. 


The binary counter and diode-matrix system is most readily 
used with bistable circuits; the frequency limit is rather low in 
relation to the properties of the transistors. However, it offers 
the advantage of economy in components when very large 
numbers of channels are required, and may be made practicable 
by developments in transistors or circuits. 

The delay-line method, which is widely used in hard-valve 
multiplex systems, cannot be applied to transistor systems in its 
simplest form because of the heavy loading of the line by low- 
impedance transistor circuits. It would probably be feasible if 
the pulse were regenerated at several points along the line; in 
this case, to avoid cumulative errors of timing, each pulse 
regenerator would have to be controlled from a master source. 
The arrangement would then be similar to the method which 
has been adopted; the latter could be considered as a delay-line 
system with pulse regeneration at every stage. 


(3.2) The Time-Selective Ring Counter 


The arrangement which has been found practically useful is 
a time-selective ring counter in which the basic pulse circuits 
are similar to those already described. The sequence of opera- 
tion is controlled by couplings between the individual stages; 
the precise timing is fixed by a master pulse generator working 
at the overall pulse repetition rate. 

Fig. 11 is a block schematic showing the functions required 
in the circuits; Fig. 11(@) gives more detail of the blocks shown 
as channel units in Fig. 11(6). Explanatory waveforms are 
shown in Fig. 12; they are given the same identifying letters as 
the associated points in Fig. 11. 

Waveform A (Fig. 12) is a timing pulse train supplied to all 
channel units. Each channel unit contains a monostable pulse 
generator which is triggered by the coincidence of two signals: a 
timing pulse (A) and a delayed output from the previous channel 
generator (B). Each generator gives two outputs; the main 
channel output (C) and a delayed output (D) which is fed to the 
following channel. The pulse generator of the following channel 
is triggered by coincidence of this delayed output and the next 
timing pulse, and so on. 

The basic circuit can provide all the functions of a channel 
unit if the two possible inputs and two outputs are fully employed. 
The positive timing pulse (A) is applied to the emitter; the 
negative sequence control pulse (B) to the base. Neither is 
large enough by itself to overcome the emitter-to-base bias, but 
the coincidence of the two triggers the transistor. The main 
output (C) is taken from the collector; the sequence-controlling 
output (D) comes from the base with the right polarity for con- 
nection to the base of the following channel unit. Fig. 13 shows 

* The circuits described by Chaplin! which combine speed with bistability, were 


not published at the time this work was ‘started, and in any case are unsuitable for 
providing the large pulse power required in this application. 
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Fig. 11.—Schematic of multiplex pulse generator. 
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Fig. 12.—Waveforms illustrating pulse sequence control. 
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Fig. 13.—Unit of multiplex pulse generator. 


a working circuit of one unit, with component values suitable 
for generating 2 microsec pulses at a 250 ke/s overall repetition 
rate; Fig. 14 shows the waveforms. The diode gate in the 
collector circuit is an elementary form of pulse-amplitude 
modulator. 
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Fig. 14.—Waveforms of multiplex pulse generator. 


(3.3) Transmission Terminal Equipment 


The techniques described have been applied in the con- 
struction of two terminals providing 24 speech channels by time 
division. In later work, the elementary sampling gate shown 
in Fig. 13 has been abandoned in favour of a more efficient 
form of modulator which is described fully in two com- 
panion papers.*© The form of the transmitted signal is then 
as shown in Fig. 15(b). The blocks representing the channel 
pulses indicate the range of excursion due to full modulation; 
both polarities are transmitted, and there are no carrier pulses 
in the absence of a channel signal. A complete frame occupies 
108 microsec, of which 96microsec is allotted to the 24 signal 
channels (2microsec pulse and 2microsec guard space); 
4microsec to a spare channel, which could be equipped for 
maintenance and supervision; and 8microsec to the main 
synchronizing channel (6microsec pulse and 2microsec guard 
space). The base level between channel pulses is modified in 
alternate spaces by interpolating a small positive 2microsec 
pulse, conveying a fine synchronizing signal. This is suppressed 
when it would otherwise coincide with the 6 microsec pulse. 

A block diagram of one terminal, designated A, is shown in 
Fig. 15(@). Terminal A contains the master timing source, a 
250kc/s crystal oscillator, and transmits synchronizing informa- 
tion. Terminal B is inert until synchronizing signals are received, 
upon which it starts up in the correct phase. The channel units 
and the main synchronizing generator of terminal A are con- 
nected in a ring, as described in Section 5, for normal working; 
the time-base of a cathode-ray-tube monitor is driven at the 
sampling frequency from a unit in the ring. Should a unit fail, 
the count around the ring stops. By pressing the test key, the 
monitor and the synchronizing channel can be triggered at the 
sampling rate from the output of a frequency divider while a 
d.c. signal is applied to all channels. Each unit fires in sequence 
after the synchronizing channel until the fault is reached: it is 
then apparent from the monitor display which channel unit has 
failed. All channel-unit faults so far encountered have resulted 
either in complete failure, detectable as described, or in free 
running of a pulse generator at an uncontrolled frequency; the 
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Fig. 15.—Transmission equipment. 
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atter condition is less easily traced, but its occurrence is obvious 
rom the monitor display. 

All the pulse generators and frequency dividers are of the 
ypes described in Sections 2.2, 2.3 and 3.2. The terminal B is 
imilar, except that timing is derived from the incoming syn- 
-hronizing signals. This apparatus has operated for periods of 
everal thousand hours, and at moderate ambient temperature is 
juite reliable. Rise of temperature is the worse enemy: it may 
ause the standing current of a transistor to rise, thereby 
eleasing the base from its clamped potential (8 volts in Fig. 13) 
ind allowing the circuit to run freely. In later work (such as 
hat described in the next Section), the resistance in the base 
ircuit has been reduced or eliminated. 


(4) APPLICATION TO TELEPHONE SWITCHING 


(4.1) A Time-Division Selector Switch 


It has for some time been recognized that multiplex techniques 
nay be used, not only to make manifold permanent connections 


Fig. 16.—Interlacing of pulse trains. 
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as in transmission systems, but also to make controlled tem- 
porary connections as in switching. Since one time position is 
distinguishable from another, not per se but only by some 
external reference, it is possible to make one unit capable of 
operating on any channel. 

Such a unit can be built around the single-stage frequency 
divider described in Section 2.4. A dividing circuit of the type 
described, if fed with timing pulses spaced at fo [Fig. 16(a)], can 
operate repetitively at intervals nty in any one of n time positions 
[as Fig. 16(6)-(e)]. The circuit is stable in the ‘off’ position; if it 
is triggered initially at any given time position, it continues to 
run at that time position until it is stopped. Thus, it can be 
used to close an electronic switch between a line circuit and the 
busbar of a time-division multiplex system, thereby putting the 
line circuit in connection with any chosen channel of the multi- 
plex signal. The essential features are, first, division by a large 
factor n (20-30) in one stage, secondly, the retention of a time 
position specified initially by a single pulse. 

A complete selector unit is shown in Fig. 17(a), and its wave- 
form in Fig. 17(5). The unit is designed to work on a 25-channel 
basis with 10kc/s sampling. The fourth reflected pulse from a 
12-5 microsec delay line is used to gate the 250 kc/s timing pulses. 
The electronic switch is in the form of a reciprocal pulse 
modem,>*® which, through storage of energy in a reactive net- 
work (delay line and low-pass filter), converts a continuous 
signal into a modulated pulse train, or vice versa, with very little 
power loss. The switch is held off by a static bias of 15 volts 
when the pulse generator is not running; this is enough to 
prevent pulses from other units connected to the same busbar 
from breaking through. When the pulse generator is running, 
dynamic bias of about 30 volts is available to isolate the given 
channel circuit from other signals on the busbar. The voltages 
and currents of the switching circuit may require some recon- 
sideration to obtain the best combination of linearity, crosstalk 
margin and peak power; the peak pulse power which can be 
utilized in the present circuit is about 10 volts into 400 ohms, 
namely 250mW, corresponding to about 4mW peak audio 
power in the receiver output (2mW r.m.s. on sine-wave signals). 

The construction of the delay lines is not shown in the diagram. 
A design due to H. Feissel’ has been found useful: the 12-5 micro- 
sec line used in the experiments had 16 sections. 

As noted in Section 2.4, several arrangements are possible; 
both that shown and a slightly different circuit with timing pulses 
applied to the base have been thoroughly tested for reliability of 
starting from a single trigger pulse in the correct phase. About 
2500 operations were performed correctly in a repetitive testing 
arrangement, which is enough to inspire a modest confidence 
in the device. 


(4.2) Discussion of Properties 


A proposed time-division switching scheme has to face two 
competitors. First, the various electro-mechanical switching 
methods, including not only the thoroughly entrenched systems 
but also new ones which, by using electronic control of mechanical 
switches, have shown that connection and control are separate 
problems, and that the use of electronic devices in each requires 
separate justification. Secondly, various existing or proposed 
devices for effecting voice-frequency connections, of which at 
least one (the gas gap) has reached a very promising state of 
development. 

An electronic switch to compete with an electro-mechanical 
switch for speech paths should have some of the attributes of 
a normal rotary selector, namely: 

(a) It should transmit in both directions. 
(b) It should have a low loss. 


(c) It should be self-holding, requiring little or no central storage 
capacity, unless this can be provided very simply. 
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Fig. 17.—Time-division selector switch. 


(a) Circuit. 


(d) A unit of moderate size and cost should correspond to a 
whole selector, not just a single pair of contacts. 


In general, voice-frequency electronic switches fail on con- 
dition (d), and possibly also on (c). Multiplex switches, which 
inherently have a good chance of meeting condition (d), have 
in the forms previously proposed failed on conditions (a), (b) 
and (c). A selector of the form described here has all four 
properties. The reciprocal pulse modem fulfils (a) and (6); the 
frequency-dividing pulse generator fulfils (c); while point (d), 
as noted before, is inherent in time-division methods and is 
bound to be fulfilled if, as in this case, the apparatus is fairly 
simple. 

This selector is, in fact, a good electronic analogue of a 
uniselector. It transmits in both directions with a low loss, and, 
having been triggered at a given time position, it operates 
repetitively at that position until it is stopped. A multiplex 
selector controlled by this means is like a rotary switch, which, 
having been turned to a given spatial position, remains there 
until it is released. It is therefore a useful building brick for an 
electronic telephone-switching system. 

It is worth noting that the general idea is not tied to the use 
of transistors. One active device per selector is required; this 
could easily be a hard valve, and possibly a thyratron. 


(4.3) Time-Division Storage 


The time-division selector incorporates a store, since the 
identity of one channel from a group of 20-30 is retained. 
Static storage would require at least 5 binary devices, with some 
means of coupling them to the speech path. 

It is interesting to assess the merits of this method of using 


(b) Waveforms. 


the delay line, as compared with storing as many binary digit 
as possible by recirculation. The ratio of delay to rise-tim 
advocated for the present circuit is about  : 4, for n channels 
this allows a good margin of safety and could possibly be reducec 
Assuming that pulses spaced by a period equal to the rise-tim 
can just be separated, the line could store 4m binary digit: 
Comparing this with the storage of one of n time positior 
(i.e. log, n binary digits), it is seen that there is little differenc 
for n = 12 to n = 24. The line embodied in the time-divisio 
selector is therefore being used efficiently, and use of simile 
circuits in a register to retain decimal digits would seer 
reasonable. 
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") APPENDIX: IMPEDANCE RELATIONS IN THE PULSE 
GENERATOR 

It is not proposed to enter into a full analysis but to give a 

imple treatment from which the essential design relations 

merge. We assume that regeneration occurs, and consider 

urrents and impedances in the bottomed or near-bottomed con- 

ition during the pulse. These are represented in Fig. 18. The 


Fig. 18.—Impedances and currents during a pulse. 


‘se of resistance notation does not imply limitation to physical 
esistances: each value specifies only the ratio of potential 
ifference to current during the pulse. Thus, in Fig. 17, Rpg 
nd Ry are delay lines, whose characteristic impedances are the 
elevant values: Ry is a diode switch, whose ratio of voltage 
wing to peak current (referred to the transformer primary) gives 
ne value of R;. It is assumed that internal r, and 1/r, are small 
1 relation to Rp and 1/Rz, respectively, which is usually correct: 
iternal r, may not be negligible but can be added to Rg. The 
.otential differences between all electrodes are assumed negli- 
ible: catching action to prevent bottoming, if present, is readily 
llowed for. The electromotive force Vy in the feedback path 
3 the p.d. to which the feedback line or capacitor is charged 
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immediately before the pulse: this is normally a large fraction of 
the supply potential V. 
The basic relations are: 
Ig = Vr[Rr 


TLR, + IpRzp = V 
Ic =1IL+Ig=Ipt+Ie 


from which we can deduce the voltages and currents in a given 
circuit: 
V 


L,=I1 _— ooo 
La eae Reciet Rs 


Pulse amplitude at collector = 


VRp 


Pulse amplitude at base = ———7>—. 
2 Rr, + Rg 


The current gain in the working condition is 


en ee ee 

Tr Vr Rp + Rp 

and for regeneration this must be substantially less than the 
linear current gain «. Assuming that (as is usually the case) 
V/V =~ 1 and « ~ 2, a reasonable condition is then 


Re < Rr + Re 


As an example of heavier regeneration, in selector circuits as 
shown in Fig. 17, Vp/V ~ 0-8 and & ~ 1-4. 

Practically, one will usually know the required values of pulse 
amplitude at collector and base, decided with reference to the 
function of the generator and the voltage limits of the transistor: 
the likely value of V;/V, set by the bias and triggering arrange- 
ments: and a target value of ~, depending on the compromise 
between transition speed and hole storage but usually in the 
range 1-2-2-0. The ratio Rg/R, follows from the ratio of pulse 
amplitude at base and collector: the value R,, from the load 
current or power. The feedback impedance is then 


= V, 
Rr = (@ — 17 (Rt + Rp) 


This defines the impedance of a feedback line, where one is used: 
in the case of tuned-circuit feedback, to which this analysis is 
only a rough approximation, it can be taken as a trial value 


of ~/(L|C). 


YISCUSSION ON THE ABOVE THREE PAPERS BEFORE THE RADIO AND TELECOMMUNICATION 
SECTION, 19TH MARCH, 1958 


Mr. T. H. Flowers: The transmission system using the pulse 
10dems described in these papers was invented in three different 
laces more or less simultaneously—by Haard and Svala in 
weden, by one of the present authors, and also by French of 
ie Post Office. I agree with the authors that the chief use of this 
xm of transmission is likely to be in electronic exchanges, and 
i my remarks refer to this application. 

The paper on the design of pulse modems is by far the most 
waplete and satisfactory treatment we have yet had of this 
isject. Two questions seem to be important. First, the analysis 
ed testing assume a resistance termination of the modems, but 
| practice the terminations will be transmission lines, which 
*y often have an impedance which varies with frequency and 
very reactive. What effect will this have on the transmission 
-racteristics? In particular, I would think that anything as 


refined as a 12-element network would be unjustifiable with an 
uncertain termination, and this is probably the reason why the 
authors think that the 4-element network is sufficient. 

The second point of interest is what the authors call the 
transparency of the modems. With a 2-wire switch system, 
terminal amplifiers on junction circuits must have compromise 
balances, and it is difficult to find a compromise balance now. 
It might be rather worse when viewing line impedance through 
pulse modems, and if this is true, line amplification will be more 
difficult. This will necessitate low-loss transmission (2dB or 
less) through the modems, i.e. the same order as present electro- 
mechanical switches. 

On testing, electronic switches insert within an exchange a 
transmission link having characteristics similar to those of a 
transmission circuit between the exchanges. We specify trans- 
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mission circuits between the exchanges in respect of the frequency 
pass-band, crosstalk (usually specified to be a minimum of 
70 dB, which is much more than is quoted in the third paper), 
harmonic and inter-modulation products, overload capacity, etc. 
A similar, but perhaps rather more severe, specification should 
apply to transmission within exchanges, and testing according 
to this specification should suffice. However, the papers describe 
effects such as ‘buzz’, ‘burr’ and ‘mush’, which require subjective 
tests with a number of people using actual speech. I do not 
consider their results to be conclusive. For the number of tests 
performed the 95% confidence limits are rather wide. In 
addition, one must remember that in a long connection there 
may be not one but eight or ten, stages of switching, with trans- 
mission lines between. This does not mean that the defects will 
be multiplied by the same factor, since some of the distortion 
products will be attenuated in the network. But I am sure that 
more testing is required before we are certain that the trans- 
mission would be satisfactory in a national system. 

The papers describe some applications of this method of 
transmission to switching systems, including a v.f. dialling system 
which could be applied to any telephone system, whether it uses 
reciprocal gating or not. For the rest of the applications, only 
time will decide their value. Certainly the selector circuit shown 
in Fig. 17 of the third paper must be the simplest electronic 
connector switch which has so far been disclosed. I am not 
quite clear how the author proposes to use it. If it is on a basis 
of one per subscriber’s line, even though it is simple it would be 
rather extravagant overall. If it is not on this basis, I do not 
know how it could be fitted into the system. I should like more 
information on this point. 

The advantages of the pulse modem method of switching, 
such as simplicity and power economy, are adequately stated, 
and I have mentioned some of the difficulties. Competitive 
systems, such as 4-wire multiplex and space-switching, similarly 
have advantages and disadvantages. It will be interesting to 
observe in the next year or two the progress made by these 
various methods. 

Mr. L. I. Farren: Electronic switching techniques, which have 
introduced a whole range of new electronic devices and methods, 
are at present slightly suspect to transmission engineers. Until 
recently, the transmission characteristics of exchanges have not 
been an important factor in the overall transmission plan. Now 
they have become vitally important, and in the electronic 
exchange the factors of crosstalk, intermodulation, frequency 
response, etc., will all have to be considered. For example, 
there might appear to be an immediate advantage in simplicity in 
using a 2-wire system as proposed; at the same time, degradation 
in certain transmission factors by the use of such a system might 
outweigh the economic advantage. 

The author describes a 25-channel p.a.m. system, and one 
might infer from the paper that multiplex units of more than 
25 channels would be difficult to realize. If one considers a 
large exchange of, perhaps, several thousand lines, it will be 
necessary to connect numbers of these 25-channel units together. 
I should like to know how many might be connected together 
without significant degradation in transmission performance. 

An example is quoted of 46-66dB crosstalk for a system 
employing point-contact diodes and 55-75dB with junction 
transistors. This compares unfavourably with other types of 
t.d.m. systems operating on a 4-wire basis, in which no difficulty 
is experienced in achieving 75dB crosstalk in a 100-channel 
system. These 4-wire systems are at first sight less economic, 
but they have the merit of technical simplicity. 

One practical point caught my attention. The impedance of 
the low-pass filter depends on the ratio of the repetition sampling 
duration to the pulse duration. In the example described this 


DISCUSSION ON THREE PAPERS ON PULSE-AMPLITUDE MODULATION 


ratio is 50 : 1 and is equal to the ratio between the filter impe 
dance and the delay-line impedance. With a reasonabli) 

delay-line impedance (namely 500 ohms) we have a filter Oo: 
25 kilohms impedance, which is rather high. The inductance) 
in such a filter will be large and might be difficult to realize 
To obtain more than 25 channels the pulse duration must bi 
reduced, the ratio of repetition duration to pulse duration 
increased, and consequently the low-pass-filter impedanci) 

increased, with a consequent increase in inductance (unless the 
delay-line impedance is decreased at the same time). What i 
the maximum number of channels which might be achieved 
subject to this practical limitation? 

Mr. G. H. Parks: We have done some experiments using 
symmetrical transistor as the switch to close the path between 
the two storage devices. Briefly, using a 10kc/s repetition rat 
and a 4-element filter followed by a tuned circuit, an overall los: 
of slightly less than 1-5dB has been achieved through twe 
switches. This loss is obtainable up to a pulse-duty ratic, 
approaching 50: 1, but for higher ratios the loss increases, an¢ 
it is disappointing not to find in the papers any reference to the: 
factors which limit the maximum number of channels a 
can be used. 

The use of a symmetrical transistor here is rather non 


for, apart from a potential applied to the base to turn it on o 
off, no other supplies are needed. The speech power serves ai 
its own supply, and there is no need even for a d.c. connectior. 
between emitter and base. 

It is clear that this system suffers from certain imperfectiony 
in transmission which are not shared by t.d.m. systems in general: 
Incidentally I noticed an appreciable change in the quality o} 
Mr. Cattermole’s voice, as heard over the sound-reinforcemen* 
system, when the modem was switched out, but I think that thir 
was due only to the restoration of the high-frequency response 
which was lacking when the modem was in circuit. 

Finally, a comment on the paper on transistor pulse generators | 
such is the rapid progress in the transistor art that, although the 
point-contact transistor was only invented in 1948, a pape 
which describes circuits using point-contact, as opposed tc 
junction, transistors is now something of a rarity. 

Mr. R. B. Herman: The current/voltage characteristic for ar 
ideal rectifying junction is theoretically J = 1,(e¢¥/k# — 1) which) 
for a forward current of 100mA, corresponds to an incrementa| 
resistance of 0-265 ohm at 300°K. Diodes approaching this 
performance with sufficiently low capacitance and minority: 
carrier storage for operation at high frequencies are not yei 
available, but recently developed high-frequency symmetrica| 
junction transistors provide an alternative to diode switches ir 
the pulse modems. 

The main difficulty in using present types of high frequenc 
junction transistor in the pulse-generator circuits is their low 
voltage ratings. This is particularly important in the design ol 
the circuits for frequency division by a large factor, whieh 
utilize multiple traversals of a pulse through a pulse spacing 
network. Because of attenuation in the network, an initia 
pulse amplitude of at least a few volts is usually required 7 
reliable triggering. This sets a lower limit to the amplitude oi 
the sawtooth recovery waveform across the pulse-forming net: 
work which adds to the p.d. between the emitter and base ol 
the transistor. Reducing the attenuation in the pulse spacing 
network to a negligible value is, however, unsatisfactory, since 
apart from cost and space considerations, this results in ar 
accumulation of energy in the network during SUCCESSIVE 
operating cycles and hence to errors in the spacing of the output 
pulses. It is hoped that manufacturers will provide transistor: 
with higher voltage ratings, having comparable ratings for the 
emitter and collector junctions. 


{In the pulse-generator circuits illustrated the leading edges 
i the output pulses are controlled by an external timing wave- 
rm, whereas the pulse durations are defined by separate pulse- 
orming networks in each circuit, which must be constructed to 
irly close tolerances. An alternative arrangement is to use the 
xternal waveform, or two separate waveforms, to control both 
e leading and trailing edges of the output pulses, e.g. a rect- 
agular waveform for which the positive part of each cycle has 
duration equal to the required pulse width. If this is coupled 
» the emitter of a p-n-p transistor in a pulse-generating circuit, 
e leading and trailing edges of the output pulses may be con- 
‘olled respectively by the positive- and negative-going transitions 
f the waveform. This technique gives better precision in the 
ming of the pulses and often simplifies the circuits, but generally 
quires a timing waveform generator with greater available 
yower. 

Mr. E. H. Cooke-Yarborough: The authors seem to have made 
od use in their circuits of the special properties of point-contact 
-ansistors. For several years we have had 324 such transistors 
® continuous operation. The failure rate has fallen steadily and 
»ow amounts to 0-2°% per 1000 hours. Most of our transistors 
e at least three years old, and I should be interested to hear 
hat improvements in point-contact transistors have been 
isieved since these days and what reliability the authors now 
bchieve. 

dave the authors considered, as an alternative to the point- 
intact transistor, the use of the hybrid transistor described by 
‘atow and von Miinch,* which seems to have certain advantages? 
) Mr. W. E. Thomson: I should like to raise two points about 
ne storage networks described in Paper No. 2474 R. The first 
mggests an alternative approach to the design of these. The 
scond suggests an alternative ideal form. 

. As Mr. Cattermole has shown for band-limited systems, the 
eal reactance network which controls the flow of energy between 
he storage capacitor and the source (or load) resistor, is an 
eal low-pass filter. The paper then considers practical filters 
vith Butterworth or Chebyshev characteristics. Modern 
sertion-loss design methods, however, suggest that the most 
cient configuration is a series of m-derived 7-sections. A 
ingle section, with three capacitors and one inductor, would 
wrobably be satisfactory, but the best values for the four design 
parameters have still to be found. It seems reasonable to make 
he frequency of infinite loss coincide with the switching fre- 


_ Messrs. K. W. Cattermole and J. C. Price (in reply): We learn 
with interest of yet another independent invention of the pulse 
modem, and now feel that the time is ripe for its exploitation. 
Several comments and inquiries can be answered in the light of 
wnore recent work by ourselves or our colleagues. Endeavouring 
10 be candid in describing the speech transmission qualities of the 
modems, we have perhaps given the onomatopoeic criticisms 
more prominence than they deserve. Even in the original tests 
many subjects either did not detect these phenomena or con- 
sidered them present in only a trivial degree. However, we have 
istablished that much of the trouble was due to overloading, and 
‘hat if this is avoided the only effect readily perceptible is band- 
width limitation. Mr. Parks’s comment on the demonstration 
“ueports this contention. The original results are of value in 
showing that, despite perceptible overloading, intelligibility is still 
zood. 

The original work, as Mr. Flowers remarks, paid little atten- 
‘tea either to the operation of modems between complex impe- 


' * SALOW, VON H., and von MUNCH, W.: ‘Uber einen Schalttransistor mit kurzen 
5p ingzeiten’, Zeitschrift fiir angewandte Physik, 1956, 8, p. 114. 
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quency, thus helping to remove disharmonious components 
from the output. 

There is another ideal form of reactance network which has 
certain attractions for the transmission of waveforms. With 
this, the storage capacitor, of value 41,/R, completely charges or 
discharges linearly during the sampling interval; there is thus 
no distortion associated with the switching. The output wave- 
form gives a rectangular approximation to the input waveform, 
i.e. between sampling instants the output waveform is constant 
and equal to the average value of the input waveform during the 
previous sampling interval. From the frequency-response aspect, 
however, the system is not satisfactory: we have 


sin tw; 
fut, 


so that the loss gradually increases with frequency, being about 
4dB down at half the switching frequency. 


|HGw)| = 


c eG: 


su 
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Fig. A.—Alternative networks to realize Z(p) = R(coth pty — 1/4:pty); 
Se eK. (GS 4t/R. 


These ideal characteristics require an infinite network for 
exact realization. It is of 7-configuration, the shunt arms being 
the source (or load) resistor, R, and the storage capacitor 
(C =4t,/R). The series arm is purely reactive, with an impedance 
Z(p) shown in Fig. A. Practical networks are derived by using 
the first few elements of either infinite chain. 


THE ABOVE DISCUSSION 


dances or to the impedance presented by a modem to the line. 
Our colleague Mr. J. C. Emerson has since designed an improved 
network which approximates a match over a greater fraction of 
the pass band. Modems using this network approach very 
closely both the transmission characteristic and the impedance 
loci of a passive filter: thus there is no reason to suppose that 
modems will introduce matching or balancing problems of a new 
order of difficulty. 

Point-contact-transistor circuits were described because, at the 
time of submission of the papers, suitable junction transistors 
were not available. Related circuits along the lines suggested in 
Section 2.7 of the pulse-generator paper, using the same general 
principles of timing and interlacing, have since been built; despite 
certain disadvantages we would now prefer to use them, because 
of the better availability and consistency of the junction devices. 
As noted by Mr. Herman, there is no junction transistor com- 
bining high speed with high voltage ratings on emitter and 
collector—a lacuna regretted by designers of pulse circuits. 

The number of channels will certainly be limited by the 
impedance ratio attainable, as Mr. Farren points out; 25 kilohms, 
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as used in our early work, is not unreasonably high for the audio 
circuit. The 500-ohm pulse-circuit impedance was chosen to 
suit the original electronic switches, namely point-contact diodes; 
later work has shown that 100 ohms is quite suitable for use with 
symmetrical junction transistors. Hence an increase to 125 chan- 
nels is quite compatible with convenient magnitude of impedance. 
Reduction of pulse-path impedance with the same number of 
channels gives a proportionate improvement in crosstalk margins. 
Since the crosstalk performance was the least satisfactory 
property of the original circuits, we are pleased to record that, 
in later experiments, margins of 75-85 dB have been maintained 
even in the presence of substantial highway capacitance. 
Leaving the solid ground of further study, we can comment 
only briefly on other points. The time-division selector could 
be used per subscriber’s line in a small switchboard or con- 
centrator, and we agree with Mr. Flowers that it would be 
extravagent in a large exchange, which would need substantially 
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\ 
more than one per line. Our subjective tests were admittedly | 
modest in scope, for which reason we presented them withou| 
the full-dress finery of statistical mathematics. Their i | 
purpose was to establish that any extraordinary effects no| 
detectable by normal transmission measurements were not unduly 
obtrusive—a conclusion which we think most of the audien 
at our demonstration would admit. The hybrid transistors citec 
by Mr. Cooke-Yarborough would appear to be suitable for oul) 
pulse generators: so would p-n—p-n or other thyratron-like struc’ 
tures or combinations of complementary transistors, but et 
cannot claim experience with any of these devices. Mr’ 
Thomson’s alternative storage network leads, as he says, to ¢) 
poor amplitude/frequency characteristic, but its phase charac’ 
teristic is good and might be of use in a system intended fo: 
digital data rather than speech. This network is also interesting 
in that it contains two parts determining delays of the pulse) 
duration and pulse-interval respectively. 


DISCUSSION ON 
‘SERVO-OPERATED RECORDING INSTRUMENTS’* | 


SOUTH MIDLAND RADIO AND MEASUREMENT GROUP AT BIRMINGHAM, 28TH APRIL, 1958 


Mr. J. S. Roebuck: I understand that the strobing potentio- 
meter was used when one had a fast wave at high repetition rate. 
It is often very useful to obtain a record of a waveform which 
cannot easily be taken on an oscilloscope and photographed 
afterwards. Is the method described satisfactory for obtain- 
ing a record without going to the trouble of photographing an 
oscilloscope, e.g. for the display of a square pulse at television 
repetition rate? 

Mr. G. A. Montgomerie: Perhaps the author could make a 
few comments on the question of reliability. I am thinking, in 
particular, of those people who are afraid of radio valves and 
regard them as ‘glass bottles’. I have no doubt that work is 
going on so that thermionic valves can be replaced by transistors 
in this sort of equipment. 

The second suspect is the mechanical ‘chopper’. ‘Is this here 
to stay, or is a substitute on the way? 

Dr. D. Karo: It is a pity that the author gives no details of a 
very important field of recorders which have been produced by 
several firms in France and other Continental countries. Some 
of these recorders act before the error occurs, such as when 
controlling magnetic flux. For example, before any change of 
flux occurs there is a change in H, and therefore the instrument 
works on the pre-feel before the error occurs, since there is a 
time lag between H and B. This is quite an important field in 
the future. 

What is the reliability of instruments when the record is 
fluctuating, such as the load on rolling-mills? Has the author 
any experience of the reliability of recorders which record, say, 
the current or power in a case like that of a rolling-mill, where 
in a short time the power can vary and the frequency of varia- 
tion will be of the order of that of the instrument itself, say 
2-3c/s? An ordinary ammeter reading the current of an 
induction motor driving a rolling-mill will not give a true 
reading, because there is fluctuation in the load. 

It would be a good idea to draw the attention of users and 
manufacturers of controllers to the fact that there is an optimum 
damping in which the logarithmic decrement is exactly 7, and 

* Mappock, A. J.: Paper No. 2131, September, 1956 (see 103 BS Dp: 617): 


where the sensitivity is 23°% more than in critical conditions, the) 
overshoot is very small. 

Mr. J. B. Borthwick: Has the author any experience oj 
the memory type of recorder? This more or less retains 
in its memory for a short interval an imprint of circuit 
condition. 

A permanent record of any specific event is available shoulc: 
it be required. I am interested in this for the recording of high: 
frequency phenomena. 

Dr. A. J. Maddock (in reply): One of the main features of the 
strobing-potentiometer recorder is that a permanent record is 
obtained, without photographing or developing, of a repetitive 
waveform. The strobe pulse is of 3 millimicrosec duration, sc 
very rapid changes in waveform can be studied. The basic 
repetition rate of the pulse is a maximum of 15kc/s, so that the 
waveform being studied must come within this range or be suck 
that a sub-harmonic can be arranged to do so. Television pulses 
if repetitive, at the line-time-base frequency could therefore be 
recorded. 

Considerable advances have been made in the reliability of 
thermionic valves, and special types are readily available whickt 
are no less reliable than some other components. Transistors 
and valves are complementary and both will be used in elec: 
tronic apparatus. The mechanical ‘chopper’ continues to give 
satisfactory service, and some manufacturers have changec 
from other methods of inversion to use this device. Develop: 
ment is not sufficiently advanced to say whether transistors wil! 
be a serious rival, particularly for low-level signals. 

Dr. Karo and Mr. Borthwick take the discussion outside the 
scope of the review, which is concerned solely with recorders 
which are servo-operated, and deals with the instruments 
themselves and not with applications. Both types of recordet 
mentioned by them are interesting and have potential uses. 
Commercial models are becoming available. 

A servo-operated recorder cannot be expected to deal ade- 
quately with rapid fluctuations in input signal which are of 
duration similar to the speed of response of the servo system 
Other types of recorder should be used in such cases. 
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SUMMARY 


‘ An expression, based on the classical Poiseuille equation for gas 
iow through capillary tubes, has been obtained to describe the passage 
f gas through non-coaxial telephone cables under steady-state con- 
itions, and, for cables in this category, the factor governing the flow 
sas been shown to depend upon the number, gauge and arrangement 
f the conductors. An approximation of the pressure gradient asso- 
tated with a small rate of gas flow has been derived from this expres- 
von, and consideration has been given to the degree to which this 
mits the successful location of sheath faults by methods involving the 
lizect establishment of the pressure gradient, the installation of pres- 
ure-sensitive contactors, rate-of-flow measurements and the use of 
wow-direction indicators. 


LIST OF SYMBOLS 


Pi, Pz = Gas pressures at two positions in the tube or 
cable. 
Pm = Mean cable pressure. 
Pa = Atmospheric pressure. 
P- = Input pressure to cable. 
P; = Cable pressure at leak. 
Ap = Maximum difference in contactor operating 
pressures. 
dp = Actual difference between nominally identical 
pressures. 
'V, PU4, PUp = Gas flow per unit time, for volume v, v4, Vz, 
measured at pressure p. 
pUr = Gas leak per unit time, for volume vr measured 
at pressure p. 
dp|dl = Pressure gradient. 
1 = Capillary-tube length. 
L = Cable length. 
1, = Distance between leak and end A of cable. 
Al = Distance between actual and estimated positions 
of leak. 
1, = Distance between contactors. 
a = Capillary radius. 
D = Conductor diameter. 
n = Number of capillary paths in cable. 
N = Number of conductors in cable. 
k= IL. 
K = ‘Make-up’ constant for given cable type. 
R = ‘Pneumatic resistance’ of unit length of cable. 
SS = Pneumatic constant for leak. 
7” = Viscosity of gas. 


(1) INTRODUCTION 


The problem of maintaining telephone circuits in working 
cadition, even though the sheaths of the cables carrying them 
say be damaged and no longer capable of preventing the ingress 
¥ moisture, has been at least partly solved by keeping the 
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FACTORS INFLUENCING THE USE OF PNEUMATIC METHODS FOR THE 
LOCATION OF SHEATH FAULTS IN PRESSURIZED TELEPHONE CABLES 


By E. J. HOOKER, M.A., Ph.D.(Eng.). 
(The paper was first received 13th March, and in revised form 14th May, 1958.) 


interiors of the cables under a positive pressure of dry air, 
nitrogen or other inert gas. Several accounts of the use of such 
systems have already been published.!»? 354 Under these con- 
ditions, should a fault develop in the sheath, the escaping gas 
will protect the cable insulation from the effects of moisture 
until the fault can be located and rectified, even though the 
cable may be immersed in several feet of water. 

Over the period for which such protective systems have been 
in use, a number of elegant methods have been devised for the 
final location of sheath faults, such as the use of radioactive 
tracer gases with Geiger counters’ and halogenated organic 
compounds with halogen detectors,° but considerable savings in 
time and effort are possible by the intelligent use of elementary 
pneumatic methods based fundamentally on the establishment 
of a pressure gradient, at least for the initial rough location of the 
fault. In this way, the more precise methods of location may 
be rapidly brought to bear on the area in which the fault is 
known to lie, rather than on the whole of the faulty section of 
the cable, which might be several miles long. Nevertheless, the 
limitations of the pneumatic methods should be borne in mind, 
and a consideration of the factors influencing these limitations 
is the subject of this paper. 


(2) THEORY 


Giese! has considered that the flow of gas through a length of 
cable under steady-state conditions is analogous to the passage 
of electric current through a resistance, with pressure difference 
and rate of flow, respectively, taking the place of voltage and 
current in Ohm’s law. This would result in the pressure 
decreasing linearly along the cable, the ‘pneumatic resistance’ 
of the cable being proportional to its length. Pech and Brune,’ 
however, have shown experimentally that the pressure gradient 
under these conditions is not constant throughout the cable, 
and have derived an expression describing the flow of gas in 
the steady state, abandoning the pneumatic resistance per unit 
length as the fundamental parameter controlling flow in the 
cable in favour of a frictional coefficient. 

An equivalent expression may be conveniently derived from 
the classical Poiseuille equation for the passage of gases through 
capillary tubes under steady conditions: 


(pt — p3)rra4 


16/y () 


Cee 


If the interstitial paths in a non-coaxial type of telephone cable 
are considered to act as a number, n, of such capillary tubes of 
length KL, i.e. proportional to the cable length L, the formula 
may be written to express the passage of gas through the cable as 


__ np} — p3)rra* 
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Therefore, in any given type of cable, where the number and 
size of the interstitial paths are constant and governed by the 
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number and size of the conductors, this expression may be 
reduced to 


peg 4 lee 20) err EN 
pv oh ed 

16k 
where R= di 
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and is constant for a given cable passing any particular type of 
gas. This relationship explains the dependence of the viscosity 
of the gas used and the frictional coefficient which was observed 
by Pech and Brune in their work. 

In a cable where the number of conductors is not too small, 
the number and effective diameter of the interstitial paths will 
be approximately proportional to the number and diameters of 
the conductors, respectively, and when a single working gas is 
being used, this last expression may be written as 


K 
eine (4) 
The constant K will change according to the make-up of the 
cable, i.e. star quad, unit twin, etc. 

It is thought that the constant R might justifiably still be 
termed the pneumatic resistance per unit length, but its precise 
role in determining the rate of flow from the end pressures 


should be borne in mind. 


(3) EXPERIMENTALLY DETERMINED VALUES OF R 


In order to be able to test the theoretically derived depen- 
dencies of the constant R, its value was determined experimentally 
for a number of different cable types by measuring the rates of 
flow of air resulting from a range of pressures applied to the 
ends of various lengths of cable and using the relationship 
given in eqn. (3). Although it was not thought that the flow of 
air through coaxial cables would follow exactly the same law, 
owing to the larger paths being incapable of acting as capillaries, 
two types of cable containing coaxial pairs were included in the 
tests to enable an estimation of the effective values of R to be 
made under the same conditions of operation and to permit 
similar considerations of the limitations of the leak-location 
methods, to be treated in subsequent Sections, to be applied to 
them. In general, three sets of readings were taken for each 
cable sample, and the means of the results obtained from these 
tests are given in Table 1. In certain cases duplicate and 


Table 1 


MEAN VALUES OF R OBTAINED FOR A RANGE OF CABLE TYPES 
USING AIR AT A PRESSURE OF 374LB/IN* ABSOLUTE 


Conductor 
diameter 


in 
0-050 
| 0:0355 
0-0355 
0-0355 
0-025 


24 pair, 40 1b/mile* 
$42 pair, 201b/mile 
400 pair, 20 1b/mile 
216 pair, 20 1b/mile 
28 pair, 10lb/mile 
10 pair, 101b/mile 
76 pair, 641b/mile Ba 
Two 0-375 in coaxial pairs 
+16 pair, 20 lb/mile 
Six 0:375in coaxial pairs 
+4 pair, 25 1b/mile 
+344 pair, 20 1b/mile 


Star quad 
Star quad 
Star quad 
Star quad 
Star quad 
Star quad 0-025 
Twin unit 0-020 
Coaxial —_— 
+star quad 
Coaxial 
+star quad 


* The gauges of copper conductors for telephone cables are referred to in terms of 


their nominal weight in pounds per mile. 


HOOKER: THE FACTORS INFLUENCING THE USE OF PNEUMATIC METHODS FOR 


triplicate tests on nominally identical cables, manufactured ij) 
different batches, were found to give values of R which wer 
as much as 10° different from the mean. For convenience ani) « 
to use units familiar in the field, the values of R were derive!) 
from pressures measured in pounds per square inch, lengths in) 


yards and rates of flow in cubic centimetres per minute. 


Fig. 1.—The relationship between the constant R and the factor _ r 
for a selection of cables. ND 


S.Q. Star quad. \ 


T.U.T. Twin-unit type. 

Fig. 1 shows on a double logarithmic scale the values of Ay 
in Table 1 for the non-coaxial types of cable plotted against the 
reciprocal of the product (number of conductors) x (diameter)*;: 
It can be seen that the points for the star-quad cables fall closely E 
around a line of unit gradient, showing that the dependency) 
predicted theoretically does, in fact, exist. The position of the) 


and this latter type of cable. 


(4) LIMITATIONS OF PNEUMATIC METHODS OF LEAK 
LOCATION . 


(4.1) Direct Pressure-Gradient Methods 


When a pressurized cable develops a large enough leak, com-' 
paratively crude apparatus and techniques are capable of 
establishing, by methods described elsewhere, the existence of 
the pressure gradient in the cable with sufficient accuracy to’ 


} 


permit determining the approximate position of the Nee 


Ves 


pressure, and therefore the location of the fault itself. Never- 
theless, it is of considerable value to be able to predict the} 
accuracy of measurement or the sensitivity of the apparatus! 
necessary to establish the gradients associated with smaller 
leaks, and it is in this direction that the numerical values of R 
and the relationships given in eqns. (3) and (4) are of use. 
Although it has not been possible to derive a general expression 
for the non-steady condition of gas flow to enable the pressures. 
within a cable at any time and at any position relative to the’ 
leak to be determined, certain approximations are possible’ 
which permit the conditions at low rates of flow to be estimated. 
Thus, if a small leak is postulated, such that the internal pressure 
falls but little during a given period, the rate of leak and therefore 


THE LOCATION OF SHEATH FAULTS IN PRESSURIZED TELEPHONE CABLES 


{ gas flow within the cable will be substantially constant and 
yn. (3) can be written as 


Pi — PS as (Pp, + P2(Py — Po) (5) 
IVE, ee ° 


nis expression can be applied to an element of length of the 
ble dl where the mean pressure is p,,, So that 


pv = constant = 


| 2Pm dp 

ote ai APs A rine vearaeta) 
mom which the pressure gradient dp/dl along the cable can be 
clculated. 
In practice, the approximate rate of leak of a system can be 
‘adily calculated from the rate of decrease in pressure at the 
nds and a knowledge of the air space of the cable. The rate 
air flow at a point in the neighbourhood of the leak would be 
alf the leak rate, since the cable on each side of the leak contri- 
utes towards its total value. If the value of R for the cable is 
mown, the gradient to be expected can be determined. 
| If a manometer is used to measure the pressure at intervals 
eng the length of the cable in order to establish the pressure 
yadient, the minimum reliable gradient which it will be possible 
» measure with simple apparatus will correspond to a pressure 
op of about 2mm head of the manometer fluid per measuring 
wterval. Assuming the values of R given in Table 1 to hold 
> a working pressure of 101b/in? above atmospheric, in the 
ase of the 542-pair, 201b/mile cable, a mercury manometer will 
asi be able to detect the gradient produced by a leak of about 
DC cm?/min measured at atmospheric pressure for a measuring 
aterval of 100yd. If the same relationship is considered to 
ipply to coaxial cables, a leak rate of over 1 litre/min will be 
ne minimum producing a measurable gradient in the case of 
ne six-coaxial-pair cable under similar conditions. 
‘ A considerable increase in sensitivity would be possible by 
ising, say, water as the measuring fluid in the manometer, but 
wader the working conditions described, this would necessitate 
' manometer of inordinate length. Nevertheless, by reducing 
ne pressure in the cable to a value which could be read on a 
yater manometer, it is possible to increase the sensitivity despite 
ne fact that the leak rate also decreases. This can be demon- 
crated by assuming that the leak also obeys a similar law of 
as flow, so that 


Pe DA 
eee se we ee 
c (7) 


nd it can be shown that an increase in sensitivity by a factor of 
‘bout 3 should result from decreasing the pressure from 10 to 
‘Ib/in? and using a water manometer instead of mercury. 

It is also possible to increase the pressure gradient for a given 
sak and hence the ease of measurement, by injecting gas at a 
onstant pressure at a single point. Under steady-state con- 
itions, the leak will be fed from one side only, and on this side 
f the leak a gradient of twice the original will result, while on 
he other side the pressure will be constant along the length of 
he cable. 


ply = 


(4.2) Pressure-Sensitive Contactors 


‘a number of pressurized cable systems, pressure-sensitive 
setactors, installed at intervals along the length of the cable, 
re employed to indicate when the local pressure has fallen 
© a predetermined level due to leakage. The principle of the 
weration of such a system is closely connected with the setting 
ip of a pressure gradient. It is intended that the contactor 
-Test a newly-formed leak will close first, and as the pressure- 
w-dient front advances along the cable, other contactors at 
gressively increasing distances from the leak will close in 
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that sequence. By collecting and timing signals from these 
contactors at an attended service point the approximate position 
of the leak may be estimated. Unfortunately, it is not possible 
to manufacture contactors to operate precisely identically, and 
two neighbouring contactors will, in fact, close at slightly different 
pressures. If the pressure gradient produced by a leak is smaller 
than that calculated from the difference in operating pressures 
of the contactors and their distance apart, it is possible for them 
to close in the wrong sequence, as shown in Fig. 2. 


PERMITTED 
OPERATING 
RANGE 


PRESSURE 


A B 
LEAK 
POSITION ALONG CABLE 


Fig. 2.—Explanation of possible maloperation of contactor system at 
one side of a small leak. 


Desired order of operation of contactors C—B-A. 


(a) First pressure condition operating B. 
(b) Second pressure condition operating C. 
(c) Third pressure condition operating A. 


e Actual operating pressure. 


The limiting flow rate which will permit the satisfactory use 
of a contactor system may be deduced from eqn. (6) as 


2p, Ap 
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and it can be seen that such a failure of the system is more 
likely to occur on cables where R is lowest, as in coaxial types. 


(4.3) Flow-Measuring Methods 


By considering a length L of cable containing a leak at a 
distance 1, from one end, the ends of the cable being maintained 
at the same constant pressure p,, it is possible to calculate from 
eqn. (3) the steady-state flow rate from each end towards the 
leak if this is at an unknown pressure p; as follows: 


Flow rate from end A. 


2 2 
Pe Say 4 
Flow rate from end B. 
2 2 
a dan! Sl 9b 
BOB RL= 1p) ee 
DV, b= l4 (10) 


The simultaneous solution gives — = 
PLB l4 
Thus, by maintaining the ends of a leaking cable at the same 
pressure and measuring the rates of flow into the cable at each 
end, it is possible to calculate the position of the leak. This 
principle is well known,® and reports of its use for locating leaks 
in the sheaths of telephone cables date back over 20 years.? 
However, although methods are now available for measuring 
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flow rates without affecting the end pressures,!?!! the factor 
influencing the accuracy of location is now the closeness with 
which a given pressure may be set up independently at the ends 
of the cable, possibly several miles apart, and maintained at 
that value. It can be calculated that the error in location is 
given by the expression 
2p(L — 14)dp 
pvpR(L — 14) + 2p.dp 


This relationship shows that errors in location depend on a 
number of factors, and, with other conditions being equal, the 
errors are worst for cables with low values of R. Nevertheless, 
it is possible to determine the accuracy of the pressure control 
necessary to locate a given leak to within an acceptable limit of 
error. 


(11) 


(4.4) Direction-Indicating Methods 


It has been stated* that, in many cases, it is sufficient for a 
sheath fault to be located to a single jointed length of cable, 
since it may be preferable to replace a faulty length rather than 
repair it in situ under unfavourable conditions. As the faulty 
length will contain the point at the lowest pressure in the system, 
it will be unique in that gas will be flowing into it from both 
ends, and if the direction of flow could be established, a location 
would be possible on this basis. 

The available methods of flow-direction indication require 
tappings into the cable at two points, preferably as far apart as 
possible, although, since such locations are often carried out in 
manholes, the points are generally a few yards distant at the 
most. One type of direction apparatus employs a sensitive 
differential manometer to indicate which tapping point of a 
pair is at the lower pressure, this being the one towards the leak. 
The limitations of the method are precisely those described 
earlier in Section 4.1 for the establishment of a pressure gradient. 
Although the precision and sensitivity of the pressure measure- 
ment can be much improved, the length of cable over which the 
measurements are made is considerably reduced and the 
relationship given in eqn. (6) still applies when the pressure 
gradient is calculated from these two factors. 

An alternative form of direction indicator employs a by-pass 
path between the two tapping points, often with a transparent 
section of tubing into which a visible vapour or smoke is intro- 
duced as a marker, the observed direction of movement of this 
marker indicating the direction of the leak. For this apparatus 
to be effective, the resistance to flow offered by the complete 
by-pass path must be lower than, or at least comparable with, 
the resistance offered by the cable itself between the tapping 
points, so that sufficient gas travels via the parallel path to 
produce the required movement of the marker. It is obvious 
that such an arrangement is least effective with cables whose 
value of R is low, and this factor will govern the minimum flow 
rate for which the method may be used. However, an integrating 
by-pass direction indicator has been described!? which employs 
the boundary between sections of dry and moist ‘indicator’ 
silica gel as a marker, and this device may be connected to a 
cable and left until a definite indication has been obtained, even 
with low rates of flow. 


(5) CONCLUSIONS 


It has been demonstrated that the flow of gas through pres- 
surized telephone cables is largely governed by a factor depending 
on the number, size and arrangement of the conductors. This 
factor influences the pressure gradient produced in the cables 
by any particular sheath fault and affects the accuracy and 
sensitivity of the methods of leak location which are available. 
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It also limits the smallest leak which may be successfully locates): 
by any of these methods. Since a given size of sheath fault wil) 
produce different pressure gradients in different cables, it is no) 
possible to specify one method of location applicable to am | 
particular magnitude of leak. Often, a combination of method) 
will be necessary before the final location is effected, the firs 
indication being given by pressure-sensitive contactors or flow)! 
measuring devices where either of these systems is installed, thi) 
being followed by a direct establishment of the pressure gradien) 
using manometers at decreasing intervals along the cable until), 
when the change in pressure at successive points is too small t 
be measured reliably, the direction-indicating methods may b 
employed. The final location may use tracer gases or rely o1 
visual examination of the suspect portion of the cable, aide 
by the old-established ‘soap-suds’ technique. It should b_ 
emphasized that all the methods examined above have thei) 
particular range of application and that consideration of th 
points indicated will help to predict the most useful method ii! 
any particular circumstance. 


hi 
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SUMMARY 


The paper considers the problem of finding the impedance and 
fenuation of a transmission line when measured through an 
*bitrary loss-free junction. Several possibilities for the exact deter- 
‘ination of impedance in such a case are mentioned, and the results 
* tests carried out to determine the usefulness and accuracy of 
srtain methods are presented. Some information is also given on 
ie experimental accuracy of the well-known circle-diagram technique 
ve determining transmission-line characteristics. 


LIST OF PRINCIPAL SYMBOLS 


yo = Attenuation coefficient. 

8 = Phase-change coefficient. 

g = Reflection coefficient of cable and terminating reactance. 
\ = Input reflection coefficient. 

'7 = Length of transmission line. 

X= Wavelength along the line. 

‘9 = Image impedance of transmission line. 


(1) INTRODUCTION 


_ The work described here arose from a study of the effects 
f irregularities in coaxial cables and measurement of the 
ftenuations produced by such cables at microwave frequencies. 
ome information about irregularities in cables may be obtained 
ly measuring the variations of characteristic impedance with 
requency, as pointed out by Blackband.! The geometric mean 
f open- and short-circuit impedances, as given by the circle 
jagram and two-point methods described below, provides a 
alue for the image impedance from one end of the cable. The 
able will behave as an asymmetrical four-pole network, because 
f the random position of its irregularities, and will thus have 
iffering image impedances. The characteristic impedance of 
je cable is then the geometric mean of the image impedances 
ieasured from each end. 

At the frequencies under consideration, measurements of 
oth impedance and attenuation are commonly made using an 
ir-spaced coaxial standing-wave indicator. If a cable is ter- 
inated by a length of air-spaced line containing a sliding 
hort-circuit, the input-admittance values (Y = G + jB) when 
lotted on an Argand diagram, trace out a circle as the short- 
ircuit is moved over half a wavelength. The attenuation and 
mage impedance of the cable can be found from this circle. 
he procedure is, however, very laborious when values at many 
avelengths are required, and for this reason a more rapid 
-chnique has been devised by Blackband and Brown? which is 
enerally referred to as the two-point method. The impedances 
‘ she cable sample can also be less conveniently measured by a 
thod described by Cook. 

As pointed out by Oliver,’ in order to obtain accurate results 

measurements of this kind without applying corrections, it is 
“essary, not only for the standing-wave indicator itself to be 
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uniform, but also for the uniformity to extend along the whole 
length of line between the indicator and the unknown impedance. 
This condition is not easily attainable in practice because, 
unfortunately, some form of adapter section is required to 
couple the indicator to the cable which usually introduces a 
discontinuity. 

Any loss-free discontinuity between the measuring line and 
the cable will cause serious errors in the measured value of 
impedance, but the circle-diagram method still provides an 
accurate value for line attenuation. In this paper various 
possibilities for the exact determination of impedance when 
measured through a discontinuity are mentioned, and the 
results of experiments carried out to determine the usefulness 
and accuracy of some of the methods are presented. Informa- 
tion is also given on the experimental accuracy of the circle- 
diagram technique for determining cable characteristics, 
including the two-point method due to Blackband and Brown.? 


(2) DISCONTINUITIES AT THE JUNCTION BETWEEN 
MEASURING LINE AND CABLE SAMPLE 

Discontinuities can occur in the measuring system due to 
coaxial-line eccentricity, reflections from the slot, dielectric 
supports for the inner conductor, mismatch at the extremities 
of the conical adaptor, steps at the inner conductor junctions 
and geometric irregularity at braiding junctions.4 Although it 
is possible to reduce the effects of some of these discontinuities 
by suitable design, it is very difficult to eliminate all mismatch, 
and so it is necessary to have some method of deducing the 
effect that a particular junction will have no measurements made 
through it. 

A convenient method for describing the behaviour of the 
junction is by means of an equivalent circuit. Whinnery eg al.° 
have shown that the effect of step-type discontinuities on coaxial 
systems can be calculated from an equivalent circuit in which 
local waves existing at the change of section are accounted for 
by a lumped admittance shunted between the lines at the junction. 
Such calculations are applicable only in very special cases, as 
normally the discontinuities are not of this form. More general 
lossless discontinuities may be represented by a lossless four- 
terminal network requiring three parameters for its complete 
specification. There is, of course, no unique equivalent circuit 
for a particular junction, but an infinite number of them, and 
although a network of lumped circuit elements may be chosen 
which exactly represents a junction at one specific frequency, 
such equivalent circuits are purely artificial devices, and the 
parameters vary with frequency in an arbitrary way. 

The properties of the four-terminal network are often repre- 
sented by the input and output currents and voltages as in 
Fig. 1(a), by an equivalent T-section as at (b) or by an equivalent 
m-section as at (c).® 7? In each case the sign and direction con- 
vention for voltages and currents are different. The relation- 
ships between the input and output voltages and currents in 
Fig. 1, involving the A, B, C and D parameters and often written 
in the matrix form, are well known. A scattering matrix (Fig. 2) 
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Fig. 1.—Representation of junction by impedance and admittance 
networks. 
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Fig. 2.—Scattering-matrix representation of junction. 


may also be used to specify a junction, the incident and reflected 
waves of the four-pole network then being given by 


el 2 fey a ‘a 
by S21 S22 ay 


Si ad 
522 
is the scattering matrix. 

Relationships between elements of impedance, admittance 
and scattering matrices and A, B, C and D coefficients can easily 
be found, and, as mentioned already, because of reciprocity, 
only three parameters are required to specify the properties of 
the network. 

A further way of defining a lossless discontinuity is by two 
reflection coefficients and one transmission coefficient at any 
specific frequency.2%22 

Several methods are now available for determining the 
equivalent network or scattering-matrix elements of a four- 
terminal structure. The best-known method is probably that 
described by Deschamps,*-!! which is based on the measure- 
ment of the reflection coefficient p = |p|e/# at terminals 1, 1’ 
when terminals 2, 2’ are connected to a line of variable length I 


(1) 


where sS= | (2) 


S21 


terminated in a short-circuit. Then 
P = [(st2 — 511522)px + SyiJ/[1 — Soopz] (3) 
where PL = a/b, (4) 
Eqn. (3) is of the well-known form 
w = (az+ b)/[(cz + d) (5) 


MEASUREMENT OF IMPEDANCE AND ATTENUATION 


For such a transformation, circles in the z-plane (pr-plane} 
appear as circles in the w-plane (p-plane). Deschamps has derive | r 
graphical procedures for evaluating the magnitudes and angle 

of 514, Sy2 and sy. by using non-Euclidian-geometry theorem) i” 
and the properties of bilinear transformations. Simplifie: 
proofs based on plane geometry have been derived by Storei) 
Sheingold and Stein,!? who also show how impedance may by 
measured through a junction. Further information on graphica)|: 
analyses can be found in papers by Dukes,!?!4 Altschuler anu » 
Felsen,/5 and elsewhere.” !© Some of the more common method)! 
of defining the equivalent circuit of a junction which are c 
importance for microwave applications, including one arrange: 
ment which results from the well-known Weissfloch transforme)» 
theorem,!® 19 have been given by Montgomery et al.° 


(3) MEASUREMENT OF CABLE ATTENUATION THROUGE 
A DISCONTINUITY 

By representing the discontinuity by two reflection coefficient) | 
and one transmission coefficient it is shown in Section 9.1 tha 
the input reflection coefficient p of the load when measure: 
through a junction is a bilinear transformation of the reflectio: ) 


series of measurements of p is taken, as the terminating reactance » 
is varied from +0 to —©O, then, since py describes a circle, si 9 
does p. The attenuation of the cable is given by the followin y 
expression (see Appendix 9.1): a 


o= ware cosh {tl + (ry? — [s|2]/2r"} | 
where r’ is the radius of the p circle and |s| is the distance of it) 
centre from the origin of the Smith chart. The value of «, found: 
by measuring r’ and |s| from the p-circle and using eqn. (6), i 
true, irrespective of any ey which may exist betweeiiy 
the measuring line and cable sample.* The well-known formuli(: 
for calculating attenuation, which is derived by assuming theri/! 
are not discontinuities, is in fact | 
' 


a= Farctanh [Fmidtma!®] . . . . @ 


where ma, and rin are the maximum and minimum values 
respectively, for the resistive component of the impedance o+ 
the cable plus variable reactance, when measured through thi 
junction. It is shown in Appendix 9.2 by a novel method t 
eqns. (6) and (7) are equivalent. 


(4) IMPEDANCE MEASUREMENTS THROUGH A | 
DISCONTINUITY [ 

The image impedance of the cable sample, Zp, is commonh) 
found from the measurements discussed in Section 3 using thi 
formula {i 


Zo re Zr min!” Vmax a 2 et Oe (8 


where Zp is the characteristic impedance of the measuring line | 
This gives the wrong value for Zp if no allowance is made fo - 
discontinuities,* as is also clear from Appendix 9.2. Method” 
of taking account of discontinuities in such measurements havi 
been discussed, for example by Oliver.* i 

To investigate the possibility of the exact determination of Z tr 
when measured through a discontinuity, using the same experi 
mental data as in Section 3, consider eqn. (17) [Appendix (9. DE 
This equation may be rewritten as 


ple = [pile | 
+[(1 = |pq|e%@ +4247) py |eI/[1 —|py|e%#2| pre] 9 


rere a 


———— 


The values of |p,| and phase angles 4, and $2, which com- 
1etely define the discontinuity, can be obtained either by 
nberg’s method*! or from measurements of the input 
apedance when the junction is open-circuited and_ short- 
cuited at a reference plane and also A/8 from this plane. 
thus it is possible to substitute these values in eqn. (9) and so 
ransform all the measured values of input impedance to give 
e exact reflection-coefficient circle for the cable plus ter- 
inating reactance. This process, when repeated for every 
joint on the original input-impedance circle, is, however, very 
dious, and simpler methods were investigated. 


(4.1) T-Section Representation of the Junction 


‘ When the equivalent network parameters of the junction are 
mown, the impedance transformation through the network 
ay be found by using conventional circuit calculations, although 
aese may be tedious. In nearly all cases, however, one is not 
aterested in determining the equivalent circuit of the discon- 
inuity. Direct transformation relationships between the input 
md load impedances prove to be much more useful if these 
siationships are available in a simple form, as pointed out by 
wttra.!7 
_ Methods* 2° exist for calibrating a slotted line for measuring 
enedance through a discontinuity. M. H. Oliver’s method? is 
mitable for lossless structures only, and the technique described 
vy A. A. Oliner?> involves approximations for lossy junctions. 
oth the methods require a large number of measurements. 
‘he method described here, where the junction is represented 
#y a T-section similar to Fig. 1(6), does not involve any approxi- 
ation even for large discontinuities or for those with appre- 
viable loss. Only a small number of measurements are required 
in the calibration procedure and the treatment of the results is 
imple. In fact, the calibration constants are obtained directly 
wr a lossless discontinuity by plotting measured values of 
teflection coefficient on a Smith chart. When the structure is 
“ossy, some simple graphical constructions have to be carried 
put. 

It is shown in Appendix 9.3 that, when the circuit of Fig. 1(d) 
s terminated by an impedance z,, there is a linear relationship 
»etween the reflection coefficient p at the input to the circuit 
und another subsidiary reflection coefficient p”. Therefore p” 
lescribes a circle as the reactive component of z; is varied. Now 
onsider the two planes p and p’’. If the load is a pure variable 
yeactance, i.e. z) = jx, and r; = 0, then, as x, varies, the outer 
wirele of the Smith chart is obtained on the p’’-plane. If p is 
measured under these conditions a circle is obtained on the 
»-plane (Fig. 3). When the output is on open-circuit, i.e. when 


(z= co) 


p PLANE 
(a) 


p" PLANE 


(6) 


‘ie, 3.—Input-reflection-coefficient plane and subsidiary reflection- 
coefficient plane. 


7 = ©, point O” on the p’-plane is obtained. The corre- 
ponding point on the p-plane will be on the circumference of 
he shaded circle (centre C) at O. Comparison of CO and 
~ ©” gives the transformation relation between p and p”’ in 
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both magnitude and phase. Thus, in general, transformation 
of a point A to a point A” can be effected as follows: 


CAICA” = CO/G’0” and 7 ACO —_ f&'C'o" 


In the specific case of a lossless junction, the perimeter of the 
shaded circle on the p-plane is also the outer rim of the Smith 
chart, and the transformation of points from the p-plane to the 
p’’-plane merely involves an angular displacement of the points, 
ie. CO/C”O” = CA/C”A” = 1. Thus, if pz is measured for 
a certain load impedance, point A on the p-plane is obtained. 
This transforms to the point A’ on the p’”’-plane, which has 
components 7; and x7. It is shown in Appendix 9.3 [eqn. (49)] 
that the load impedance z,, is given by the expression 


Zia = 1G Sg — 
where r’ and x’ are constants which can be found from measure- 
ments on the short-circuited junction. Hence, all points on 


the measured impedance circle can be transformed to give the 
impedance circle for the load. 


(4.2) Representation of the Junction by Two Lengths of Trans- 
mission Line and a Shunt Capacitance 


It is sometimes more convenient to represent the transition 
region between the measuring line and the cable by the four- 
terminal network of Fig. 4. The junction is completely defined 


Fig. 4.—Representation of junction by two lengths of transmission 
line and a shunt susceptance. 


by the two lengths of line /, and /,, having characteristic impe- 
dances equal, respectively, to those of the two lines being joined, 
and a shunt capacitance. When the parameters are expressed 
in this form it is relatively simple, from input-impedance 
measurements through the junction, to calculate the value of 
the unknown impedance using Smith-chart methods. 

The parameters may be determined from data obtained by 
Feenberg’s method.2!_ An advantage of this is that errors in 
locating nodal positions relative to the fixed reference planes 
tend to be reduced. The method consists in measuring the 
distance d, of a voltage node in the measuring line from an 
arbitrary reference plane T; when a short-circuiting piston, 
distant d, from a second arbitrary reference plane T at the 
opposite side of the junction, is moved through at least half a 
wavelength. 

When (d,; + d,) is a maximum d; + J, = nA/2, and d, + h = 
maA/2, where m and n are integers. Thus /; and /, can be cal- 
culated. Also, when (d; + d,) is a minimum, B can be deter- 
mined as it is equal to the conjugate of the total susceptance of 
the two short-circuited lines of lengths (/, + dj) and (, + d)) 
in parallel. It may be shown that 


(jB)* = — 2jcot [2m(I, + d))/A] (10) 
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The junction parameters having been obtained, the load 
impedance can be determined in the following way. First, the 
input admittance Y; is measured when the junction and cable 
are terminated by a variable reactance. It is shown in 
Appendix 9.4 that, if the input to the equivalent circuit of the 
junction is closed by an admittance Y;*, the admittance looking 
in from the load end of the network is Y,*, the conjugate of the 
total load admittance. The measured input admittances can 
thus be transformed to give the admittance circle of the load 
alone by normal Smith-chart techniques, as indicated in 
Section 9.4. 


(5) EXPERIMENTAL STUDIES 


(5.1) Admittance Circles for Measurement of Attenuation and 
Impedance 


The common method of constructing admittance circles, 
which has been employed during the present investigations, 
consists of locating a minimum with respect to a reference plane 
and determining the voltage standing-wave ratio at this point 
to provide one value of admittance on a Smith chart. 

Movement of the short-circuiting piston through half a 
wavelength causes the measured values to trace out an admittance 
circle on the chart. 

Measurements were made on a sample of UR66 cable to 
determine the experimental accuracy of this technique. The 
attenuation of the cable was determined with varying piston 
ranges giving the results shown in Table. 1. It is evident from 


Table 1 


MEASURED ATTENUATION FOR VARYING PLANE OF TERMINATING 
REACTANCE 


Initial piston 


position Attenuation 


dB/ft 
0-405 


0-403 
0:391 
0:395 
Mean value: 
0-399 


these figures that the repetition accuracy of admittance-circle 
measurements is of the order of +2%. 

The circles drawn for these preliminary measurements have 
been examined to determine the probable errors which would 
have arisen had Blackband and Brown’s two-point method? 
been employed to determine the attenuation. Values obtained 
for the attenuation, found by assuming that the zero susceptance 
points can be accurately located, are shown in Table 2. The 


Table 2 


ATTENUATION AS FOUND BY Two-PoINnTt METHOD 


Initial piston 


position Attenuation 


dB/ft 
0-426 


0-423 
0-413 
0-426 
Mean value: 
0-422 
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results indicate a difference of 5°% between the value obtaine'| 
for the attenuation by the two-point method and that obtaine: 
using a complete admittance circle. Of course, in practice, th 
zero-susceptance points may not be so accurately located. Thi 
could lead to differences greater than 5% between the twi 
methods. | 


(5.2) Measurements of Attenuation and Impedance through a | 
Discontinuity 


Some impedance measurements have been made through dis) 
continuities at 10Gc/s. The normal junction (Fig. 4) as use 
for cable measurements was replaced by a junction which hav 
an additional discontinuity consisting of a 2B.A. screw whic! 


0-4 0-6 


Fig. 5.—Admittance circle for cable UR32 measured through junctio}| 
with screw insert. | 


could be screwed radially into the junction. Admittance cinclll 
were then determined for various positions of the screw. Th) 
resulting circles are shown in Fig. 5 and lead to the apparen™ 
values of impedance shown in Table 3. Attenuations have als«|: 
been calculated and are included in that Table to confirm tha’) 


| 


Table 3 


ATTENUATION AND IMAGE IMPEDANCE AS MEASURED THROUGH /} 
DISCONTINUOUS JUNCTION 


; 40 f 
ence : vou fone Attenuation Line impedance* 
S inner conductor 
dB/ft 
1 4 1-18 PD) 
2 1 O25) 1-43 
3) 14 1-24 eas) 
4 2 1-24 1-5 
5 3 1-24 the 2 
6 4 Heal Noite 
* Calculated from eqn. (8) normalized with respect to Z as 


the technique provides a constant attenuation within the expectec 
experimental accuracy, in spite of the presence of a discontinuity 
The image impedances vary very considerably and are entirel) 
dependent on the discontinuity present at the junction. 


(5.3) Measurement of Impedance through a Junction 
(5.3.1) T-Network Representation Theory. 


A transmission line with a known impedance has beer 
examined using the method described in Section 4.1 to ascertair 
the usefulness of this technique and the accuracy with whict 
impedance can be measured through a junction. : 
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-> 


d=0:045" 
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ig. 6.—Junction between standing-wave indicator and air-filled line. 


An air-filled coaxial line was connected to the measuring 
me via a tapered conical junction, as illustrated in Fig. 6. 
e line had dimensions as shown, and the resistivities of the 
ter and inner conductors were 6-5 x 10-® and 1-78 x 
9-© ohm-cm, respectively. These values correspond to a 
aracteristic impedance of approximately 110 ohms and an 
ctenuation of 0-1 dB/ft at a frequency of 10Ge/s. 

, An impedance circle was obtained for a 3 ft length of the line 
yhen terminated by a variable short-circuiting piston, i.e. 
crcle A in Fig. 7. 

- The line length was then very much shortened, so that the 
sial loss of the line plus junction was negligible, and the mini- 
um was located when a short-circuit was placed at points 


fig. 7.—Determination of impedance when measured through a 
junction by the method described in Section 5.3.1. 


A—lInput impedance circle. 
B—Impedance circle of cable sample. 


3, O, D and E (Fig. 6). The distance of B from the reference 
»slane at A was made an integral number of half-wavelengths. 
?oint O, then, is equivalent to an open-circuit and D to a length 
»f short-circuited line with respect to the reference plane at B. 
These points are therefore identical with those of the same letter 
on the diagram for the p-plane (Fig. 12). 

The procedure for calculating the characteristic impedance 
of the line from these data is then as described in Section 4.1 
tad Appendix 9.3. All points on the original circle (A) are 
hen transformed to the p’’-plane and the points (B) on the 
esulting circle (Fig. 7) provide values for rg and x4. These 
fates, together with those for r’ and x’, enable the complex 
ced impedance to be calculated for each point on the original 
*s erimental circle using eqn. (49). The final circle as described 
sy these points, C in Fig. 7, is the impedance circle for the line 
1 is independent of the discontinuity at the junction. 

¢ will be noted that the load-impedance circle has its centre 
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at the origin of the Smith chart when correction is made for 
junction effects. Thus the intercepts of this circle on the resistive 
axiS (Fmgx aNd rmin) are reciprocal. Also, since the centre now 
lies on the R-axis, the usual formula 


Zo a Li Cniteninen 


is exact; hence Z) = Zp. In other words, the impedance of 
the air-filled line as found by this method is equal to unity when 
referred to the very short length of the same line, as would be 
expected. However, the difficulty of choosing the best circle 
through the transformed points on the Smith chart, together 
with experimental errors, indicate that a value could be obtained 
for the line impedance which was 6% inaccurate. The original 
circle, on the other hand, provides a value for the line impedance 
which is over 18% inaccurate for this particular junction. 


(5.3.2) Two Lengths of Transmission Line and Shunt Susceptance 
Representation Theory. 

The usefulness and accuracy of the method described in 
Section 4.2 for measuring impedances through a junction have 
been examined, again using an air-filled line. 

First, the impedance circle of the same 3 ft length of air-filled 
line when measured through the discontinuity was determined 


Fig. 8.—Determination of impedance when measured through a 
junction by the method described in Section 5.3.2. 


A—Input impedance circle (o-plane). 
B—Points on circle transformed to o’’-plane. 
C—Impedance circle of cable sample. 


as before (Z;-circle of Fig. 8). Then, instead of locating a node 
for specific short-circuit positions as was done in the previous 
experiment, nodes were located as the short-circuit was moved 
through A/2 in the line, the length of which was again such as 
to make losses negligibly small. 

The results of this experiment are plotted in Fig. 9. From 
this graph and using eqn. (10), the parameters of the junction 
are found to be J; = 0-498A, 1, = 0°483A, B= 0-354. It is 
then possible, using the Smith-chart technique as described 
in Appendix 9.4, to transform the original Z;-circle to the true 
load-impedance circle for the air-filled line (Z,-circle of Fig. 8). 

The resulting circle is centred at the origin of the chart, indi- 
cating that the characteristic impedance of the measured line 
is identical with that of line /,. As before, the overall accuracy 
of the measurement is of the order of 6%. 

Again, if the effect of discontinuity at the junction had been 
ignored, errors as great as 18% could be encountered in the 


4-4 4-8 5:2 5-6 


3-6 4:0 


dy,cm 


Fig. 9.—Experimentally observed curve of d; versus d; + d for the 
conical junction (Feenberg’s method). 


evaluation of Zp). On the other hand, both circles (Z; and Zz) 
yield the same value for the attenuation of the line, as was 
anticipated. 


(6) CONCLUSIONS 


A number of possibilities for the exact determination of 
impedance when measured through a discontinuity have been 
discussed, and the usefulness and accuracy of some of the 
methods presented have been studied experimentally. Unfor- 
tunately, such exact measurements would be very laborious 
when readings at many wavelengths are required, and it is 
highly desirable in such cases to concentrate on eliminating 
discontinuities so that the simple two-point method can be 
adopted and relied upon to give satisfactory results. 
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OF A CABLE THROUGH AN ARBITRARY LOSS-FREE JUNCTION 


(9) APPENDICES 
(9.1) Calculation of Attenuation from Smith-Chart Data 
The reflection coefficient referred to Zp) (Fig. 10) is - 


‘where e-/* is the reflection coefficient of the terminating 
i reactance X, referred to Zo. If the terminating reactance is 
/ varied, py describes a circle of radius 


{ 


r= e—2al (12) 


‘in the complex reflection-coefficient plane. 
__ If the junction behaves as an ideal transformer of turns ratio 
.(Zp/Zo2)'!”, the reflection coefficient in the terminal plane p 
(referred to Zo, is 

PURE (13) 


If the junction is an arbitrary loss-free transition, if can be 
»completely specified by two reflection coefficients and one 
| transmission coefficient (Fig. 10). 


Then” | Ps el cert 2131 (14) 

\ Also ye bi + $2 oe (15) 
2, 2 

where p= |pile/*, p2 = | p2| E72 and tT = |z|e7® (16) 


a 


V.S.W. 1. 


JUNCTION 


72P, 4 
> ae 


ep, | 
TPP Pe 


2 
72p3 pe | 
ML 


Fig. 10.—Total reflections from a junction. 


Reflections caused by the junction are shown in Fig. 10. 
‘The resulting reflection coefficient referred to the p-plane is 
‘then 


p= pit 7pzll + prp2 + (prp2)’ - - -] 
TPL 

1 — prp2 

‘T4us p is a bilinear transformation of p,, so that if pz describes 


® vircle, p also describes a circle. To find the radius (r’) of the 
icicle described by p, we first find the radius of the circle described 


Ib w; hence 


Foe P= Pia 


(7) 


2 
fe PL 
y= 


at os (18) 
1 — prp2 
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The two radii will be equal, since p, in eqn. (17) merely repre- 
sents a shift in position. The equation satisfied by pz may be 
written2? 


PEP R= eat are (19) 
From eqn. (18) we have pPLr= ears (20) 


Hence eqns. (19) and (20) give 


ww* bi 
(7? + wp2)(7*2 + wp) 


or  ww*(1 —r2p.p3) —r2p$72w* — r?2py7*2w —r?|7|/4=0 (21) 


2 


This is the general equation of a circle of radius given by 
PE: 2)-14 
(r’)2 = r p2P3| 7" r I ‘ 
(l= 7-p3p2) i tap2 ps) 
Noticing that pp = |p|? and using eqn. (14), we have that 


pat jalaraleale 
r r(; = Asap) (22) 


Fig. 11.—Impedance chart used for comparison. of usual formula 
with exact formula for attenuation. 


The centre of the circle in the p-plane is at S (Fig. 11), and is 
given by 


Hence, from eqns. (14) and (15) we have 


s = |pajeti* Cees, ae ) (23) 
1 — Plp2l? 
Eliminating |p| from eqns. (22) and (23) we have 
nO WP 
2 ito Is| |r+i=o (24) 
r 
The solution of this equation is 
r=xtV/@?—-1). (25) 
1 Ave = s 2 
where x= call ; Is (26) 
Dr 
The choice of signs in eqn. (25) can be settled as 
follows: 
1+’ 
= = Pd | 
If [s| =O, ae 
19 


494 ALLISON AND BENSON: MEASUREMENT OF IMPEDANCE AND ATTENUATION 


But r < 1, and so the negative sign must be used: 
r=x—~v/(x? —1) Sey Be) 
Now let x = cosh y; eqn. (27) becomes 


r= e~24l — cosh y — sinh y = € ” 


Hence DOV —oyi=—tarG COSMEY 
Ae 
or 2al = arc cosh cue) yen 28) 


It can also be shown that, for small displacements of the centre 
of the p-circle, the solution of eqn. (24) can be written as 


eae ieee) 1S ee ONTOS) 
i 1 — (r’)? 
(9.2) Comparison of Usual Formula with Exact Formula for 
Attenuation 


Consider a simplified form of Smith chart as shown in Fig. 11. 
From the triangle OED 


(a’ + a)? = |s|? + OD? + 2|s|OD cos 6 . (30) 


Now point D is given by?4 


r2 
ar) eter ees) 
and a, = 1/1 +r) {alte (B32) 
Hence OD )—7;7/ (E>) ae 3) 


Substituting eqns. (32) and (33) in eqn. (30) and solving the 
resulting equation gives 

lan 1 + 2a’ + (a’)* — |s|? 

2 1 + 2|s| cos 8 + |s|2 — (a)? 


or — I (34) 


Similarly by considering the triangle OEC 
1+ (a)? — |s|? — 2a’ 


= TP alslcos Os? =P e> 
Hence, from eqns. (34) and (35), we have 
r 1 — 2a’ + (a’)* — |s|2 
kan (C= |S (36) 


ry 1+2a + (a)? — |sP? 


The normal impedance-circle formula [eqn. (7)] for attenuation 
gives 


Me tay hes 
cosh 2a] = ——_= 37 
—ry[r, a?) 
Substituting the expression for r,/r, in eqn. (36) gives 
1 + a’)? — |s|? 
Wed) = hh 
oO arc COs | ra! (38) 


This equation is independent of the angle 6 and is identical 
with the exact formula for attenuation [eqn. (28)] which was 
obtained previously. 

It is evident from eqns. (34) and (35), however, that the usual 
formula for impedance, 


Zo = Zolryr2)'!? fh “SOG 


is dependent on the angle @, indicating that the value obtained 
for Zo is influenced by the magnitude of the discontinuity 
through which it is being measured. 


(9.3) Representation of Junction Discontinuity by a T-Network: 


Consider Fig. 1(b). The input impedance when the circuit is” 
terminated by an impedance z; is . 


Pe ie we Se) a 40) 
Zj 211 Zieezy e (40) 


The reflection coefficient at terminals 1—2 is then 


fh" \\ 


Pie lear A “e 
Eqns. (40) and (41) give 
Rez ee 2279 M(Z11 + 1)? 
Zi +1) [zo Fz) zpl@n + D] 
If we let Zon = 235 [C2 DiS vo! 
and RAG A (PG 


eqn. (42) becomes 


Yi) = 1 thee / a] fee) 
= at ee eee 45 
p Zu t1 Ee + 1)? ise “ ip ( ) 
Now, suppose z, is modified by adding a reactance jx’. Let 


the modified values of the new z, be r’’ and x’’, where 


| 
rfr =r" and (x' + x)fr’ = x” ee (46) 


If we define a new reflection coefficient corresponding to 
r’ + jx” 
:; a r’ + jx” =s 1 
r’ =e ee" at 1 
eqns. (45), (46) and (47) provide the relationship 


1.€. 


(47) 


= al eel ape) 
Zig ler (Zip) 


Therefore, since the z’s and r’ are constants, there is a linea 
relationship between p and p”’. 


(48) 


Now Z, = r; + jx;, which becomes 


TUE 


zy=r'Pr bir'x! =jx .. «9 ae 


when values from eqn. (46) are substituted. If x’ and r’ are 
known, the true value of the load impedance, as measured on 
the p’’-plane can be obtained. 


Evaluation of x’ and r’. 
If r; =0 and x; = 0, eqn. (46) gives 
r= 0, anda [ra — xh d.6ay, 


if ley = 0 and XxX] = Hes 
r’ =0,and x" = + )/r = by say. 
Hence x’ = af(b — a) andr’ = 1/(6 — a) > » Ge 


Thus the problem is resolved to the location of the point: 
when r;= 0 and x,;= 0 (B, Fig. 12), and when r;= 0 an¢ 


Cee p" PLANE 


Fig. 12.—Diagram illustrating evaluation of x’ and r’. 
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ixp= 1 ( on the p-plane). These are then transformed to the 
“points B’” and D” on the p’-plane in the usual way, giving 
values for a and b. Hence, values for x’ and r’ can be calculated 
from eqn. (50). 

Point B is that which corresponds to a short-circuited junction. 
Point D is determined as follows: For a short-circuited line 
i = tanh ipl 


Hence Z, =jland/= 2/8 (51) 


D is determined, therefore, when the impedance of a short- 
circuited line, A/8 long, is measured through the junction. 


(a) 


| Fig. 13.—Four-terminal network for proof of conjugate-admittance 
theorem. 


(9.4) Conjugate-Admittance Proof 


Consider the four-terminal network shown in Fig. 13(a). 

The three parameters B,, B, and B; can be chosen to specify 
‘completely any lossless, four-terminal network. The input 
admittance when the network is terminated by an admittance Y, 
is given by 

1 


: Sy 
+ {ie © GE, + Y) Se 


Y; = jB, 
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— (BB, + BB; + B,B3) + jY;(By + B3) 
Y; —j (By +83) 


Now consider the case when terminals 1 and 2 are closed by 
an impedance Y;* and terminals 3 and 4 are left open [Fig. 13()]. 
The admittance presented at terminals 3 and 4 is then 


1 
1/jB, + 1/GB, + Y}) 
_ ~ BiB, + BBs + Bi B3) — jY(B, + Bs) 


Hence -Y,-= (53) 


Y, = jB3 4 


or VW 54 
: Y* + j(B, + B) oF 

From eqns. (53) and (54) we see that 
iy (55) 


Thus, for any four-terminal network, if the input admittance 
presented at terminals | and 2 is Y; when the network is ter- 
minated by an admittance Y, at terminals 3 and 4, the input 
admittance at terminals 3 and 4 when terminals 1 and 2 are 
closed by an admittance Y; is Y,*. 

This information can be used to transform measured values 
of input admittance Y; to corresponding values of load 
admittance using the following Smith-chart technique (Fig. 14). 


+jB 


; \ 
| | 
j | 
: \ 
| 
t 
' 


Fig. 14.—Transference of measured input admittance to 
corresponding cable admittance. 


(a) Locate Y;. (6) Hence find Y#*. (c) Move through /,/A 
away from the generator. (d) Determine Y at this point. (e) Add 
shunt susceptance jB. (f) Locate the new point. (g) Move 
through /,/A away from the generator. (h) The new point is 
Y;. @ Hence find Y; normalized with respect to line /. 


681.142 


The Institution of Electrical Engineers ) 
Paper No. 2693 M|' 
Sept. 19581) 


e| 
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SUMMARY 


The paper considers the application of analogues of the well-known 
decimal short-cut multiplication and division methods, to the control 
of such operations in automatic binary digital computers. 

After demonstrating that the simple binary short-cut process leads, 
on the average, to a slowing down of multiplication, the paper 
developes a new process, termed the modified-short-cut (m.s.c.) 
process. This is defined in terms of symbolic equations and is shown 
to reduce the average number of additions or subtractions required 
during the execution of a multiplication by more than 17% to some 
m/3 (for an m-bit number), the maximum number by nearly 50% to 
(m + 2)/2 and the average number of shifts by 30%. 

Following a discussion of the properties of the process, and, in 
particular, its application to signed multiplication, comparisons are 
made between the relative average multiplication times of a number of 
alternative systems including those using circuits based on ‘carry’ 
storage or on carry-propagation-detection circuits, or on both. 

Brief consideration is then given to some aspects of division in auto- 
matic binary machines. The discussion is confined to a consideration 
of what are believed to be ideas not previously published. It is shown, 
in particular, that short-cut procedures can be easily and cheaply 
incorporated in machines using either restoring or non-restoring 
division techniques. 


(1) INTRODUCTION 


The inclusion of direct multiplication and division orders in 
the operation codes of general-purpose, automatic, binary 
digital computers is now quite general; that of the former is, in 
fact, universal. Execution times for such orders in fixed-point 
machines generally range between, say, 5 and 40 times that of 
‘faster’ orders such as addition, the exact ratio depending not 
only on the techniques used but also on such factors as the 
order-code structure (number of addresses associated with each 
order), the word length (of multiplier or dividend) and others. 
As a direct consequence of these comparative speeds and possibly 
also as a heritage from the allied field of desk-machine com- 
puting, typical programmes for automatic machines tend to be 
based on computational techniques which minimize the use of 
multiplication and division relative to, say, additions and shifts. 
Analysis of such programmes then usually indicates that any 
improvements in multiplication and division techniques cannot 
be expected to lead to significant reductions in the machine time 
required to solve typical problems. This analysis is by itself 
clearly false since speeding up the slower orders permits the use 
of mathematical techniques which themselves may further reduce 
programme lengths considerably. Thus, for example, numerical 
methods based on matrix algebra or continued fractions, com- 
pletely alter the relative frequencies of the various orders. 
Furthermore, users of machines in ‘real-time’ problems are 
interested in any decrease in programme time and not only in 
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the proportional decrease. Hence it is appropriate to consider}, 
new methods of decreasing operation times and, more par-): 
ticularly, various methods for controlling multiplication and 
division processes in binary digital computers. ‘ 

Speed-up techniques in the form of short-cut processes are 
familiar to all users of decimal desk calculators, and their: 
extension to the control of binary computers has recently been) 
considered.! The present paper develops a new* multiplication 
method tentatively named the modified short-cut (m.s.c.) process, 
expressing its rules of operation in symbolic form. This per- 
mits a rigorous examination of its various properties and hence 
quantitative speed and cost comparisons between various alter-)) 
native multiplication processes. In particular, it is shown that,” 
for parallel machines, the m.s.c. process is in general to be 
preferred to a process based on carry storage, due to Burks,” 
Goldstine and Von Neuman and others.” I 

The extension of short-cut techniques to various division 
processes is then also briefly discussed. 


(2) MULTIPLICATION 


(2.1) General Considerations 


In conventional mechanized multiplication methods the actio 
taken in any one cycle of a binary multiplication process is) 
based on an examination of the ‘current’ multiplier bit b,. It} 
has been shown? that, in a parallel arithmetic unit (a.u.), the 
partial-product shift associated with each multiplication cycle} 
may be, where an addition is also required, an integral part of 
the transfer normally part of the latter process or may be com- 
pletely separated. In either case, the normal situation will be 
that the time occupied by the addition process (including carry-' 
propagation) will be at least equal to, or substantially more than, | 
that required for the shift. It is therefore desirable to minimize} 
the number of addition operations required, thereby reducing) 
the total average multiplication time. A reduction in the number’! 
of separate shifts may also prove advantageous if it can lead to a 
reduction in the number of cycles required for each multiplication. | 

In binary multiplication a short-cut method analogous to the: 
well-known decimal method has been used to simplify the. 
organization of signed multiplication,* but this does not, on| 
the average, achieve any reduction in the total number of addi-) 
tions required during the course of a multiplication. The: 
method requires that an addition or subtraction of the multi- 
plicand from the partial product be performed whenever b, and 
its right-hand neighbour b,_, are unequal, the whole procedure 
being a mechanization of the identity: 


m 
2! = ett 28 


t=n 


* Since the paper was written, the author has become aware of the independ 
2 4 : 1 t 
development of the same process by Reitwiesner. It has also recently been discussed 
CBI ig Ue E pore | oe ie pa Computer Laboratory, University of 
. quotes an earlier verbal description by D. J. \ 
Cambridge Mathematical Laboratory. 4 of 4 Wh ee . 


[ 496 ] ) 


LEHMAN: SHORT-CUT MULTIPLICATION AND DIVISION IN BINARY DIGITAL COMPUTERS 


On the usual assumption that all numbers are equally likely* 
(i.e. random) and that the right-hand neighbours b, (t < 0) of 
the least significant multiplier bit by are uniquely defined (see 
next Section): 

Pr br Ue =o? ok ORS Taman ee. (OQ) 


From identity (1) it follows that a binary short-cut multiplica- 
tion process may build up the product during m + 1 cycles (for 
an m-bit multiplier). Additions and subtractions (henceforth 
termed ‘operations’) alternate and are possible in each and every 
cycle, the maximum number of such operations being m + 1. 
From expression (2) it follows that the average number of opera- 
tions will be (m + 1)/2 and these figures may be contrasted with 
the m maximum and m/2 average number of additions required by 
more standard multipliers. These inefficiencies of the short-cut 
process are of no real consequence in such serial machines that 
require all multiplications to have the same duration. Where 
speed is important, such machines can, for example, base 
multiplication on simultaneous addition of integral multiples of 
the multiplicand in a number of adders whose inputs are con- 
trolled by several neighbouring multiplier bits. In other types 
of serial machines, however, and in parallel machines it may be 
desirable to minimize the number of ‘operations’ that can occur, 
but the short-cut process is seen to be a retrograde step. 

_ The source of the weakness of binary short-cut multiplication is 
not difficult to locate. It stems in the first place from occurrences 
Gamisolated: bits in the forms *...0100... and“... 1011...’, 
jn positive and negative multipliers, respectively, and more 
generally from the occurrences of oscillating sequences of form 
*...1010...’. If, for example, the first combination occurs in a 
positive multiplier, the method leads to two operation in succes- 
sive cycles, a subtraction followed by a shift and an addition 
where only a single addition is required in a straightforward 
multiplication process. Moreover, the short-cut process does 
not take full advantage of the binary representation. For con- 
sider an isolated zero ‘*...1011...’ in a positive multiplier. This 
<onstitutes a separation between two sequences of type (1). 
When short-cutting, an addition (end of one sequence) would 
se followed by a subtraction (beginning of next sequence). It 
's, however, sufficient to perform a single subtraction since 
m 
Sih at om Sain. (3a) 
oe 
ail ae Ob ee pi (3b) 
‘mn general, short-cutting leads to redundant operation for all 
occurrences of isolated bits (and ‘oscillating’ sequences) in both 
50sitive and negative multipliers. 

It will now be clear that it is possible to follow a modified 
nultiplication procedure which so interprets the multiplier bits 
shat the total number of operations that occur during a multi- 
dlication are minimized, short-cutting being suppressed when- 
ever it is advantageous to do so. The rules for such a process 
‘m.s.c.) are developed in the next Section, and subsequent 
Sections will consider its properties. 


.€, since 


(2.2) The Modified Short-Cut Process (M.S.C.) 
22.1) Formal Definitions. 

‘n order to permit an assessment of any multiplication process 
id to simplify its mechanization, it is useful to define its laws 
» procedure by means of symbolic equations. These may, for 
*xample, define a recoding of the multiplier in which ‘1’s occur 
n those bit positions, relative to the original form, in which, 


The assumption of equal likelihood of all in-range numbers in a digital computer 
® not be altogether realistic. However, it is the only useful assumption which 
» nits analysis of various multiplication methods and is probably justified where a 
we chine is being used to its full accuracy. 
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during a mechanized process, operations are required, other 
bits being recorded as zero. If the particular process may 
require both additions and subtractions (as for example in short- 
cut multiplication), these may then be specified by the allocation 
of an appropriate sign to the non-zero bits of the coded form, 
the allocation of a negative sign designating, say, a subtraction. 
Such a recoding expresses the binary multiplier in a ternary 
form, but this may itself be expressed through the use of binary 
symbols. That is 


m—1 m m 
¥ 62¢ => 72! = ¥ (—VYC,2¢ 
t=0 t=0 t=0 


ihe 
‘SOM 
Cp Oeky <. Yuba eee 


For simplicity it has been assumed that the multiplier is a 
positive integer. The extensions of this work to numbers lying 
in other positive ranges, is trivial. That to negative numbers 
is considered for the case of the m.s.c. system, in Section 2.2.3. 
The ternary recoding expression (4) is quite general. It 
expresses, for example, the ordinary short-cut process outlined 
in the previous Section if C, and S, are defined by expressions 

such as 
C, = (0; F b,_1) 


S, = b, 


(Sa) 
(Sd) 


This recursive definition is complete if it is recognized that in 
all machines 6, (t< 0) is always implicity defined in a manner 
that depends on the negative-number representation adopted. 
Thus in a machine using the ‘complements to two’ or ‘modulus 
and sign’ systems b, (t <0) is always zero, whereas in a ‘1’s 
complements machine such bits are equal to the sign bit. 

For isolated bits b, of form [(6,4 5,1) & (6,4 b,41)] 
or for the sequences of such bits which form an oscillating 
sequence, pairs of non-zero C, and C,,, occur in the ‘short-cut’ 
recoding. These are clearly of opposite sign, and from identity 
(3b), the second (more significant) is redundant. This redundancy 
may be removed by modifying the definition (5a) to a form 


C; = (6, F by) & G1 ee tote eo) 


The consequent redefinition required for S, is considered below. 
It has been shown! that no further improvements to the short-cut 
process are possible (see Section 2.2.5), and hence eqn. (6) is 
adopted as one of the defining relations of the m.s.c. process. 

It follows immediately from statements (1) and (6) that the 
maximum number of operations that can occur during any one 
multiplication is [(m + 2)/2]. For practical values of m this 
effectively equals the average number of operations in a straight- 
forward or simple short-cut multiplier. 

In order to redefine S,, to correct the error introduced by the 
change in definition of C,, it is convenient to consider a sequence 
concept. Continuous sequences of ‘0’s or ‘1’s in binary number 
are termed ‘0’ and ‘1’s sequences, denoted by S = 0 and S = 1, 
respectively, where S is associated with the whole sequence. 
The rules for the standard short-cutting process may then be 
formulated in terms of this sequence concept, since it follows 
from definition (5) that a subtraction is always required on entry 
into a ‘1’s sequence and an addition upon exit from a ‘1’s into 
a ‘0’ sequence. 

For the m.s.c. process the sign of those operations that arise 
from the occurrence of an isolated bit must be reversed, i.e. 
the sequence concept must be redefined so that an isolated 
bit (or sequences of such bits in an ‘oscillating’ sequence) does 
not alter S. An expression which defines S, according to the 
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above analysis, and which therefore denotes the sign of opera- 
tions for the m.s.c. process, is 


S, = {i41 & BD) U [bry Fb) & Si} (7) 


This expresses the requirement that S changes only when at 
least two neighbouring multiplier bits b,,, and b, are equal and 
each unequal to b,_, and the previous state S,;_;. It shows 
further that in the worst case (for oscillating sequence beginning 
at the least significant end of the multiplier) S, may be a function 
of all the right-hand neighbours of the current-multiplier bit 5,. 

Now C;, is non-zero only for isolated bits or when S, ~ S;_1, 
and in the latter case S, is non-zero only if b,,, is non-zero. 
An alternative but equivalent definition for S; is thus 


S, = ((Cr & by41) v (C, & S,_1)] (8) 


In a mechanized process it is clearly of no consequence how 
S, is defined when C, = 0. Hence finally S, may be very simply 
defined as 

(9) 


The recursive definitions (7) and (8) are once again complete 
by virtue of the implicit definition of b, (t< 0). Expression (9), 
which is incompatible with the modified sequence concept 
previously defined, is nevertheless, in general, the most useful 
definition when considering the mechanization of the process, 
S, being determined by one and only one bit of the multiplier 
during each cycle. 

It has already been observed that a fundamental property of 
the m.s.c. process is that [from definition (6)] operations cannot 
occur in successive multiplier-scan cycles t and t+ 1. Hence 
an operation may be directly followed by two 1-place, or for 
maximum speeds, a single 2-place shift, without further examina- 
tion of the multiplier bits. 


Sp = by 41 


(2.2.2) Mechanization. 


The mechanization of the m.s.c. process as defined will 
require the comparison, during successive cycles, of neighbour- 
ing multiplier bits b, and b,_,. In those cycles in which they 
are found to be unequal, an operation is followed by a 2-place or 
two 1-place backward shifts of the multiplier and the partial 
sum. If the bits are equal, a single-place shift is performed. 
This scanning of the multiplier bits, includes a pair b,, and 
bm—1- For positive multipliers, b,, is zero, and it is shown in 
the next Section that b,, should be ‘1’ for all negative multipliers. 
Hence b,, may be identified with the conventional sign bit. The 
need for this last scan follows immediately from identity (1), the 
latter implying that no further shifts occur in this cycle. 

In order that the sign of each operation may be determined, a 
single-bit store conveniently termed S, must be provided, unless 
definition (9) is used as the defining equation when the necessary 
information can be extracted from b,,;. Even in this case, it 
may, however, still be of advantage to provide the store S, 
permitting a speeding-up of the process. The setting and 
resetting of S may be based on any of the equations that have 
been determined for S, or on a number of further alternatives. 
Switching between addition and subtraction in a parallel a.u. is 
generally obtained by complementing one of the operands and 
the change of state of S may be used to initiate a complementing 
of the multiplicand register for this purpose. 

S may be set up at the commencement of each cycle ¢ in 
which an operation is to be performed, by being set equal to 
b,..; as from definition (9). Where an operation is automatically 
followed by two single place shifts, it is sufficient to set S equal 
to b,,. during each cycle in which no operation is performed. 
Alternatively, or if two place-shift links are provided, S may be 
set equal to b,,3 towards the end of any cycle in which an 
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operation has been performed and set equal to 4,,. in those 
cycles in which no operation is required. This last alternative | 
leads to the fastest multipliers, since the addition circuits are) ' 
allowed the maximum settling time before the next operation) 
may be required. 

The precise constructional requirements of an m.s.c. multiplier. 
are naturally a function of the circuit elements from which the | 
machine is built, but in any case the additional requirements as 
compared with a conventional multiplier are not large. Two 
1-bit stores may be required to record S, and C, in each cycle. |: 
A small increase is also required in decoders or decision) 
elements. In relation to the constructional requirements of a’ 
complete machine the resultant increase is insignificant, par- 
ticularly in a fully parallel machine where the m.s.c. process finds), 
its most obvious application and where the control circuits form 
only a small part of the entire machine. In such a machine, 
however, the provision of 2-stage shift-links may prove expensive’ 
in an absolute sense, increasing the physical size of each bit) 
stage of the a.u. by up to 10%. The resultant overall increase’ 
in machine cost is much less than this, and the provision of | 
these links (which may also permit the speeding up of other 
operations) is economically quite feasible. This is rather an_ 
important point since it will be shown in Section 2.3 that the: 
m.s.c. process may often lead to a significant speed up of multi-)) 
plication only if such links are provided. i} 


(2.2.3) Signed Multiplication. 


multipliers represented in either of the two common representa- ’ 
tion, ‘1’s complements or ‘complements to 2’. Hence it will/ 
follow that the process facilitates signed multiplication without) 
any necessity for corrective steps. | 

Consider first the product xy where x is a negative multiplies 
represented in ‘complements to 2’. In the arithmetic unit x 
appears as a positive number 2? + x which can also be considered 
as 2?-! + (2?-!+4 x). If, for convenience, a fractional range! 
of numbers is considered, the m-bit argument x,,_1...Xq, Of) 
x, will appear as a positive, fractional number (1 + x) for! 
which the process is known to produce the correct result. Tt 
has been assumed that multiplication commences at the least) 
significant end of the multiplier and in the first (m — 1) cycles 
of the multiplication, the multiplier-unit will function correctly.) 
The final product which results from multiplication by x 


4 


then be represented by (1 + x)y + zy where zy is a factoi- 
introduced by the change of the sign-bit x,,, from ‘0’ to ‘1’, this, 
change effecting the mth and (m+ 1)th cycles. It has beers 
shown! that when the multiplier is represented in ‘ ‘comple 
to 2’, z=(—1). Hence (1+x)y+ zy =(24+ xy) or x) 
according as the multiplicand is positive or negative. In th 
former case the sign bit of the product arises automatically durit 
the final subtraction, since negative numbers are always assume¢ 
to be preceded by an infinite sequence of sign bits. Thus thd 
m.8.c. process may be used without modification when the 
ee is a negative number represented in ‘complement: 
to 2’ ! 
Now consider multiplication by x, a negative (e.g. franl 
tional) ‘m-bit plus sign’ multiplier represented in ‘1’s com 
plements. This appears in the machine as a positive numbe 
2+ x —27~™ and may equally well be interpreted as a numbe 
2+ x’, ie, the representation of x’ = (x —2-™) in ‘com | 
plements to 2’. It has just been shown that the multiplier wil 
produce the correct product when multiplying y by x’. Bu 
since x’ is too small (i.e. too negative) by an amount 2-”; th 
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resultant product x’y will be too small by an amount y.2~", 
Thus to obtain the true product xy it is necessary to redefine the 
process so as to produce an extra addition in the first (least 
significant) cycle when multiplying by the ‘1’s complement of a 
positive number. It has been shown! that the process as defined 
by expressions (6) and (7), (8) or (9) need not be redefined if it is 
to include such multiplications, the desired effect arising auto- 
matically as a result of the change in the (implicit) value of 
b,(t < 0) from ‘0’ to ‘1’ in such numbers. 
_ The validity of a direct application of the m.s.c. process to 
“{’s complements multipliers also follows immediately from the 
defining equations. From expression (6) it is seen that C, is a 
function only of the relationships between neighbouring bits and 
not of the value of individual bits. Hence the occurrences of C, 
in the m.s.c. recoding of a negative number represented in ‘1’s 
complements will be precisely the same as those occurring in a 
representation of its complement. This follows from the well- 
known fact that a negative number represented in this way is a 
copy of its modulus with all ‘0’s and ‘1’s interchanged for ‘1’s 
and ‘0’s, respectively. From this fact and from definition (9), say, 
it also follows that the values of S, for a number and those for its 
‘’s complement are themselves complementary. Hence the 
replacement of a positive multiplier by its ‘1’s complement simply 
results in a change of sign for all the operations of the subsequent 
S.C. process, and this is precisely what is required to produce a 
product of opposite sign. 

Since the sign of the multiplicand will not affect the actual 
multiplication process but only the ‘direction’ of summation, the 
‘fi,$.c. process thus permits direct, signed multiplication for all 
combinations of multiplier and multiplicand signs.* 


(2.2.4) The Average Number of Operations. 


The average number of operations in the m.s.c. process may 
be determined from the usual assumption that all numbers are 
equally likely. It is shown in the Appendix (Section 7.1) that, 
with this assumption, the average number of operations for an 
_pebit plus sign multiplier is 


| Ham 2 4— [= (ila } 


This number is asymptotically equal to m/3, so that the m.s.c. 
process reduces the average number of operation required by a 
‘conventional multiplier by about 17%. If two place-shift links 
are provided, the consequent reduction in actual multiplication 
time exclusive of store-access may reach 33% (compare rows a 
and c of Table 24). 


(10) 


(2.2.5) The Optimum Process. 

The development of the m.s.c. multiplication procedure has 
been purely intuitive, following a recognition of those effects in 
the standard short-cut technique which make the latter inefficient. 
The resultant process has been expressed by a set of expres- 
sions (6) and (7), (8) or (9) which define a ternary coded form (4) 
of the signed binary multiplier. It is, of course, possible to 
evolve a large number of alternative sets of defining equations 
for this general form. The question now arises as to which 
form, and hence which multiplication process of this type, is 


* Tt is naturally assumed that the accumulator matches the negative number 
reoresentation used. If the ‘1’s complements representation of negative numbers is 
‘2 be used because of the necessity for frequent switching between addition and sub- 
t.ction, a minor difficulty results when using the m.s.c. process if the machine is 
©oly equipped with a single-length accumulator and is to produce unrounded single- 
leagth products or double-length products. The same difficulty occurs when such a 
machine is provided with an accumulative multiplication order, and this is due to 
‘ce fact that the partial sum may change sign (several times) during the multiplication 
ocess. The alternatives of using the ‘complements to 2’ representation, providing 
‘ouble-length accumulator or providing control equipment to introduce the necessary 
Corrections will not be discussed here. . ; 

It should also be noted that, contrary to assertions made in Reference 1 (and also 
»and elsewhere), the accumulator of a machine using the ‘1’s complements repre- 
> ame may be initially set to either form of zero whatever the final sign of the 
oduct. 


oo 
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optimum. For parallel arithmetic units, in particular, a require- 
ment is the minimizing of the number of operations during 
multiplication. Thus it is required to consider the general 
relationship (4) and to develop a set of defining equations for 
C, and S, in terms of 5,, subject to the restraint that XC, 
is to be minimized. Tocher has investigated this problem!>5 
and has shown that the set of equations that arise under this 
restraint do, in fact, define the m.s.c. process. 

Hence this multiplication procedure leads, for any type of 
a.u., to the optimum multiplication method based on ternary 
recoding, if a minimization of the number of addition or sub- 
traction operations is the required criterion. 


(2.3) The Relative Merits of Various Multiplication 
Processes 


Two main proposals have previously been made to speed up 
multiplication (and other orders) in parallel machines; the 
‘carry-storage’ system of Burks, Goldstine, and Yon Neumann? 
and the ‘carry-propagation-detection’ system (henceforth ‘carry 
detection’) of Gilchrist, Pomerene, and Wong.® A further 
proposal’? combines these systems in an even faster but more 
complex circuit. 

The m.s.c. process, in either of its forms, can clearly be used 
with any of these three systems to further speed up multiplication. 
In order to establish briefly the relative merits of the a.u.’s which 
arise when the various proposals are combined in different ways, 
assumptions must be made about the time parameters of the 
circuits constituting the a.u. An assessment is presented below 
which considers five multiplier systems as applied to six different 
types of machine. For convenience, the actual multiplication 
times (exclusive of store access) are based on figures quoted by 
Gilchrist, Pomerene and Wong,°® and have, in some cases, been 
supplemented by a further condition that the flip-flop (or 
other) bit stores used have a maximum switching speed, f,, of 
0:2microsec. Table 1 summarizes these basic times and the 
symbols used in Tables 2A and 2B. Of the times given in Table 1, 
#6 and f3 are quoted directly from Gilchrist et al., t| is obtained 
from a curve reproduced in the same paper and f° is estimated 
from a linear extrapolation of that curve.* 


Table 1 


Basic TIME PARAMETERS 


Circuit time parameters Symbol Time 


microsec 

Carry propagation over one stage : tt 0-12 

Carry propagation over 5-6 stages (ie. fi g 0:21 
average maximum propagation time for a 
40-bit number in a carry detection system) 


Full-length carry propagation (for a 40-bit ee 0-90 
number) 

Minimum store switching interval ae to 0:20 

Shift and cycle completion time .. = t3 0-15 


To enable assessments to be made of multiplication times of 
machines in different cost ranges, three variations in machine 
design have been considered. The first differentiates between 
machines in which the bit store does or does not impose a 
restriction on the working speed of the machine. The yalue 


* The expressions and results quoted here differ somewhat from those given in 
Reference 1. Those were based on a time for t of 0-045 microsec. This has now 
been modified to 0-12 microsec, since closer study of Gilchrist’s results has revealed 
an initial non-linearity or dead-time. This affects not only the magnitudes of various 
time parameters, but also some of the expressions given in Table 2 since it is in 
places necessary to select the larger of alternative terms. The original Table 5 of 
Reference 1 is also misleading since the value ¢7*® = 0-21 microsec quoted by Gilchrist 
has been used in all places where terms of the form 5-6} occur and 5:6 x0:045 # 0:21. 
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given to fy is considered to be representative of the speeds that 
can be obtained from simple flip-flops. Consideration has also 
been given to the alternatives of providing single-sided or push- 
pull access to the a.u. registers, the former requiring that a register 
must always be reset before new information can be written in. 
In the latter, two sets of inter-register connections (highway and 
anti-highway) are provided; these carry signals corresponding 
to ‘1’s and ‘0’s, respectively, and in any interchange of informa- 
tion in the a.u., one or other signal will be present in each bit 
stage of the parallel machine. Hence registers need not be 
reset before new information is written in. Finally, comparisons 
are made between machines incorporating carry detection and 
those that do not, and in all cases ‘40-bit plus sign’ numbers 
have been considered. 

In attempting to assess the merits of the various combinations 
summarized in Tables 24 and 2B, it must be borne in mind that 
all the results are fairly sensitive to relative changes in the 
magnitudes of the various parameters. The times quoted for 
units not using carry-detection circuits do not include safety 
margins, and hence the speed gain resulting from the use of 
such circuits is somewhat greater than indicated. On the other 
hand, the final times and ratios do not include store access-times. 
Tne relative effect of these depend not only on their value, but 
aiso on the order code (being minimized in a code which mini- 
frizes reference to the store®) and on the logical structure of the 
raachine. It is thus difficult to include consideration of access 
times in the Tables, but the question is briefly considered at the 
end of this Section. 

The conventional multiplier (a) requires no further comment. 

Case (6) considers a multiplier which requires only a small 
amount of extra control equipment and is therefore not signifi- 
cantly more expensive than one of type (a). This system gives 
a real increase in speed, only where carry-detection circuits are 
not used, and in the case of machine 2 is even slightly slower 
than a conventional multiplier because of its requirement for 
an extra multiplication cycle. This is, however, balanced by the 
extra time that the conventional multiplier requires to produce a 
signed product. 
_ The introduction in case (c), of the extra link for the partial- 
preduct and multiplier backward-shift facility, is seen to produce 
2 speed-up in all cases, since the average number of multiplication 
cycles is reduced by one-third. The provision of this additional 
shift-facility will increase the size of a typical a.u. by some 
10-15%, but this is not serious since the consequent increase in 
3ize of the whole machine may be expected to be less than 5% and 
the increase in cost even less. These and all other estimates given 
are naturally only very approximate since they clearly depend on 
the type of logic and circuits used in the machine as well as on its 
final size. In all probability the type of machine for which the 
speed-ups quoted are of consequence will, in any case, be a large 
machine, and the expected increases in cost of the whole installa- 
‘ion will be much less than the figure quoted. 

Case (d) considers a machine based on the carry-storage con- 
cept. The provision of such a carry store increases the size of a 
>onventional parallel a.u. by some 25%, whereas a carry-detec- 
‘ion circuit will, at the most, increase its size by, say, 15%. 
Fven with a conventional multiplier the carry-detection circuit 
= clearly more efficient, producing a faster multiplier for a 
smaller investment. Moreover, carry detection will speed up all 
*w9-operand arithmetic operations, whereas carry storage is 
1ful only in multiplication, or, if this is included in the order 
sede, in accumulative addition. Thus carry storage is by itself 
1<: the most useful innovation. An exception to this conclusion 
wy, however, arise in a parallel machine whose electronic 
» suits are to be based on circuits (packages) initially developed 
8° use with serial machines, or for circuits using magnetic cores 
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for logical operations. In such machines it may happen that 
each circuit possesses an inherent storage property, and in this 
case, carry storage may be obtained with little further cost. 

Carry storage may be combined with either of the mz.s.c. 
multipliers. The advantages of such multipliers arises from the 
minimization of additions and possibly also of shifts. Hence it 
is clear that in a combined multiplier the carry register should 
have shifting facilities to permit the restriction of additions of 
carries to those cycles in which an addition (of the multiplicand 
or its complement) is in any case required. Full advantage 
may then be taken of the m.s.c. system, but such a scheme also 
demands that during multiplication the carry output of the 
addition network feeds one place back. At the conclusion of 
multiplication, when the carries have finally to be dissipated (as 
during an ordinary addition), they feed one place forward. 
Thus the carry output of the arithmetic circuits must be switch- 
able to at least two destinations, and the system (e) becomes 
very large and complex requiring, in all cases, at least 25° more 
equipment than the corresponding requirements for (c). In 
comparing (c) and (e) it is necessary to consider only cases 
already involving carry-detection circuits, since the result that 
carry detection is to be preferred to carry storage holds also for 
the complex system. For these cases (e) is seen to be slower 
than (c) for a ‘simple’ machine and only some 12% faster in 
the other two cases. Since this small advantage is even further 
reduced when overall multiplication times including store access 
and overall programme times are considered, it seems fair to 
conclude that (e) does not form the basis for a reasonable system 
with most present-day circuits. 

Turning now to the alternative machines, it is clear that the 
provision of carry detection circuits provides important speed 
increases of the order of two, for multiplication. The circuit will 
enlarge the a.u. by some 10%, and this is approximately the 
same as the cost of replacing single-sided access to the flip-flops 
or other registers, by push-pull access. Since the latter does 
not produce the same advantages it is clear that carry detection 
is, in general, to be preferred. However, the two systems are to 
some extent complementary, since carry-detection circuits are 
essentially symmetrical in the operands and their complements. 
Hence the combined cost of installing both features is somewhat 
less than their individual incorporation, and it will often be 
advantageous to use both. 

With the particular set of values selected for the various 
parameters, the effect of removing restrictions on the working 
rate of the (flip-flop) bit-store is not pronounced and appears to 
lead to a speed-up of only some 10%. In practice, however, 
the magnitude of this parameter is of vital importance since it 
determines whether time control is required within the a.u. 
Thus it is operationally desirable, and in an asynchronous 
machine essential, that t, < (t} + ¢3). 

Mention has been made of a second advantage of the m.s.c. 
process, that of reducing maximum multiplication times. Com- 
putation of such times shows that, for the conventional process, 
maximum times are some 50% greater than average times, 
whereas for the m.s.c. process this figure is reduced to 10%. In 
the pure carry-storage system multiplication always takes the 
same time, whereas, for the combined system, the excess of 
maximum over average times is only some 2%. Hence, from 
the point of view of maximum performance times for complete 
programmes, there is no significant difference between the more 
complex systems, but each has some slight advantage over con- 
ventional multipliers in such machines that permit variable- 
length operations. 

The effect of store access times will, of course, be to reduce 
the real gains to be expected from any of these multiplication 
methods by an amount which depends on the magnitude of 
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various store characteristics, on machine logic and on the order 
code to be used. Present-day magnetic-core stores have access 
(cycle) times of about 5microsec, and 1 microsec stores appear 
to be under active development. Hence the fast multiplication 
times quoted are meaningful and do represent a measure of the 
effect on programmes of improved methods of multiplication. 

It may be concluded that the m.s.c. process, whether combined 
with carry detection or not, has real advantages that should lead 
to its adoption for the control of multiplication in parallel and 
certain types of serial machines. The advantages of the carry- 
storage system appear to be confined to parallel machines using 
circuit elements which all involve a settling, sampling or delay 
time which is of the order of one bit-time. 


(3) DIVISION 


The standard techniques of restoring and non-restoring divi- 
sion, as applied to binary machines, are well known,!>?»4:5»° 
and the discussion in the present paper will be restricted to such 
aspects, particularly of short-cut processes, which are considered 
new or which can be presented in a new or improved form. 

The main problem in non-restoring division processes is in 
the manner of recording the quotient bits. In every cycle of 
the standard process either an addition or subtraction operation 
is performed. To record the quotient it would thus appear 
necessary to attach a significance of (+1) or (—1) to each of 
its bits. It is, of course, desirable to keep the circuit elements 
of the machine as simple and consistent as possible and hence 
to record the quotient in terms of the standard ‘0’ and ‘1’. 
That this can be done has previously been shown,!>?»4 and a 
very simple proof is given in the Appendix. From this proof 
it follows that the signed and rounded quotient may easily 
be obtained from the ‘coded’ version, which results from the 
insertion of a ‘I’ in the least-significant bit position of the 
pseudo-quotient whenever a subtraction occurs, and the inser- 
tion of a ‘0’ when the operation performed is addition. A 
forward shift of the resultant partial quotient is, of course, 
required in each cycle of the process, and the leading bit of the 
pseudo-quotient should at the conclusion of division appear in 
the sign position of the number. It is then sufficient to comple- 
ment this leading bit and to set the least-significant bit unequal 
to the resultant sign bit. 

It is possible to improve either of the two division techniques 
by the application of simple tests which lead to a form of short- 
cutting. For the restoring process, trial subtractions should be 
suppressed if simple tests on the leading bit or bits of the operand 
arguments permit the prediction of the result of such a subtrac- 
tion)? In the case of the non-restoring process an operation 
(addition or subtraction) may be suppressed when similar tests 
indicate that the partial remainder would change sign if such an 
operation were performed.! The test required in either case 
implies, in its simplest form, that, with the usual convention, 
the divisor D must always be in a standard form (say 1 > D> }), 
the partial remainder must also be in this range before any 
operation need be performed. Such a test for standard form 
will always be provided in floating-point machines, and generally 
also in fixed-point machines, where it is very useful to have a 
special ‘standard-form shift’? order. Thus the cost of incor- 
porating this very primitive form of short-cutting, which may 
produce an average division speed-up of up to some S05/AaS 
quite negligible. More refined forms of short-cut tests have also 
been discussed.! These produce progressively smaller reductions 
in the average duration of the division process, as the number of 
bits on which the test is based is increased. 

A quantitative determination of the time saving as a function 
of the number of bits examined has not yet been made, since this 
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would require some assumption about the expected distribution 
of bits in the successive partial remainders. These are clearly. 
not random so that the usual simple assumptions cannot be. 
made. A knowledge of the distribution of these bits can} 
probably be obtained most easily by performing ‘synthesized’ ): 
divisions in an electronic computer and counting the occurrences} 
of, say, non-zero bits in the successive partial remainders. In 
the absence of relevant information, one may safely assume that” 
the simplest form of short-cutting is certainly always justified, 
and a form based on a comparison of the two leading bits of the) 
partial remainder and the divisor will also be worth while, since,” 
even in this case, additional constructional requirements are): 
small. 

One further problem must be considered in connection with) 
short-cut techniques as applied to non-restoring division, namely): 
that of the modifications required in the procedure of building it 
up the pseudo-quotient bits. The modification to the process 
described above requires that the normal feed connection for the) 
quotient bit be inverted in the second cycle of a short-cut) 
sequence. This inverse connection must be retained until after 
conclusion of short-cutting and the first cycle of more normal) 
operation. This rule is clearly true if only one such short-cut) 
cycle is performed. It has been shown! that, if the rule is true) 
for an n-cycle sequence, it is true for an (m + 1)-cycle sequence, 
Hence by induction the generality follows. ¥ 

Short-cut non-restoring division which yields the fastest 
practical division process may thus be attained by the provision : 
of only a very small amount of additional equipment over that 
required for the straightforward techniques. Moreover, the 
extra cost of incorporating a division order in relation to the) 
cost of the whole machine is quite small, particularly in a parallel]: 
machine. In the new machine of Reference 1, for example, i 
special division equipment increases the estimated cost of the} 
machine by less than 3%. Thus it appears that a division): 
order, based on short-cut techniques, should be provided for all)” 
parallel a.u.’s. Division should be similarly provided in general-) 
purpose serial machines, and where such machines are not) 
restricted to fixed-length orders, these may also take advantage 
of short-cut techniques. This may be done by shifting the} 
partial remainder and partial quotient in each cycle by a numbei): 
of places determined by the short-cut test circuits. 
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(4) CONCLUSIONS 


The paper has considered the application of short-cut methods), 
to multiplication and more briefly, to division. It has showr | 
that their application leads to a significant reduction in operatior|| 
times in machines in which these need not be of predeterminec) 
(fixed) duration. A multiplication method has been developec! 
which by modifications to more standard techniques may reduc«|! 
the average multiplication time by more than 30%. The methoc 
also reduces the maximum multiplication time for an overal , 
increase in the size of the machine certainly not exceeding 5% 

Comparisons of multiplication times, exclusive of store access}: 
have been presented for several multiplication techniques. Thea 
have been based on somewhat arbitrary, but it is hoped, repre!) 
sentative circuit speed characteristics. Analysis of the resultan 
times indicates the value of the new process. j 

Short-cut techniques may also be applied to the mechanizatior, 
of binary division for an even smaller increase in the oid 
machine size. The resultant reduction in the duration of the two 
longer operations is a function of a large number of properties ° 
the a.u. and of the machine, and a general estimate of the effi 
ciencies of the processes is difficult to make, particularly in the 
case of division. It is believed that the techniques discussec 
will find their application in the logical design of high-speec 
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computers where their true value can be assessed only when they 
have been incorporated in a number of actual designs. 
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(7) APPENDICES 


(7.1) The Average Number of Operations in the M.S.C. 
Process 


From definition (6): 
VC; = {(b, ~ 5,_1) & Ce 
= {(b, 7 by_-1) & (b;_4 7 by_2) & Ge} 
= {(b, Fy) & (Up = Be Ors F B2) 
& (bj_-2 F by_3) & {(Hy_3 = O44) «+ - 
Uf (by % bs) & (by % by) & {(by = by Uf, by) 
Rb Pe y= by : todd (11a) 


«a u{(b; F by) & (by A by) & { (by = oUt (Hi F bo) 
& (by # b_1)}... t even (115) 


It should be noted that definition (6) is expanded so as to 
»' press all ‘or’ connectives exclusively. 

From the condition that all numbers are equally likely it 
‘tf tlows that 


Pr(b, # b;_1) = Prh, = by-1) = 4 (12) 
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Hence 
Pr(C, = 1) = 4( + G4 +...@°G +@))...) road 
tAm 


wy +(4 is a)2(4 +...G%4+ (3))) - 2) t even 


= 4fi — Git] t odd 
= 3{1 + @*)] t even 
= 4[1 + (-1'@)'"!] 
allt 4m (13) 


If ¢ = m, then for any m, the final term in an expanded form of 

both eqns. (11a) and (115) is missing, and hence 
Pr (C, = D=| Pr (Goa a (14) 
t=m tm 


whence 
2G A APNE aK 
allt 


1)1()°+ 4] ongyn tty ; (15) 

Therefore the average number of occurrences of C, = 1 in the 
m 

coded form >) (—1)S‘C,2', i.e. the average number of additions 
1=0 

or subtractions in a mechanized m.s.c. multiplication is 


Sal + ye] — @m 
=4[m+1-3(-y@'] -@ 
( Lym t+iayeatl = 9ayn+t] 


[9 —(-1)"]J@r"} (16) 


the result previously quoted as expression (10) in Section 2.2.4. 


(7.2) The Quotient in Non-Restoring (Non-Short-cut) Division 


The quotient obtained from a non-restoring division process 
may be recorded by an m-bit sequence of ‘1’s and ‘0’s, the former 
being inserted (as in restoring processes) when a subtraction is 
performed, and the latter in those division cycles in which 
an addition occurs. Thus the quotient is expressed in a 


representation: 
m—1 
QO = > (—1)%—*02! (17) 
t=0 
m—1 m—1 
=) 02 = Be (18) 
t=0 t=0 
=x + y, say (19) 


QO has, without loss of generality, been expressed as an integer, 
and it is immediately clear that it is a signed odd number lying in 
the range 

Jol <2" —1 


The computer can interpret the sequence of m — 1 bits which 
make up the quotient either as a positive number x, or as a 
negative number y represented in ‘1’s complements but without 
a sign-bit, where x and y are defined by eqns. (18) and (19). 


Now Oe (19) 
also clearly i oe (20) 
hence O=2x —2"+1 (21) 

Ly 2k (22 


Thus the machine, which recognizes only pure binary numbers 
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and their complements, can obtain the true quotient Q from the 
‘pseudo-quotient’ x or y, by a process which is formerly equiva- 
lent to eqns. (21) and (22), i.e. a shift forward, complementing 
the leading (now sign) bit and forcing the least-significant bit 
unequal to the resulting sign bit. Expressions (21) and (22) 
give the justification of this ‘conversion’ process according to 
whether the resultant quotient is positive (based on x) or negative 
(expressed in ‘1’s complements and based on y). The subtrac- 
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tion or addition of the term 2” required by eqns. (21) and (22)) 
may be obtained simply by complementing, since, as has been} 
noted above, the leading bit will always initially be ‘1’ or ‘O)) 
according to whether the number is positive or negative. The 
quotient thus obtained is rounded according to the well-known 
‘forcing’ rule used in many machines, but an unrounded quotient) 
can also be obtained by a slight modification of the division and): 
correction process. | 


DISCUSSION ON 
‘THE APPLICATION OF PRINTED-CIRCUIT TECHNIQUES TO THE DESIGN 
OF MICROWAVE COMPONENTS’* 


SOUTH-EAST SCOTLAND SUB-CENTRE AT EDINBURGH, 7TH APRIL, 1958 


Mr. E. Jamieson: The author gives a very detailed account of 
both the theoretical and practical aspects of microwave printed 
circuits. In Table 1 he compares the different strip-line systems 
with regard to certain parameters, but I believe that this could 
usefully be extended. The microwave engineer is interested, not 
only in the absolute value of strip-line, but in its comparative 
value with respect to other transmission-line systems. I suggest 
that strip-line be considered with regard to the various major 
classes of microwave system, and also with respect to the fre- 
quency of operation. The main microwave systems are 
(a) primary radars, (b) multi-channel microwave receivers, and 
(c) microwave links. 

With regard to (a) there would seem to be little doubt that the 
exclusive use of strip-line is impossible, owing to the close 
proximity of transmitter and receiver, with a power difference 
of over 100dB, and the radiation problem of strip-line. The 
power-handling capacity of strip-line is also probably insufficient 
for any reasonably high-powered transmitter. 

For (5), where no power-handling problems are involved, there 
would seem to be a prima facie case for strip-line, but if close 
spacing and channel-to-channel isolation of perhaps 40-60dB 
is required, it is likely that interference problems will arise. 

System (c) appears to provide a worth-while application for 
strip-line; no high power is involved, a single broad-band channel 
is required, and simple mass-production techniques pay large 
dividends. 

For microwave frequencies it would again appear that strip- 
line is limited. At the lowest band (1 Gc/s), the major com- 
ponents—aerial, transmitter valve, etc.—are large, and coaxial 
line is usually adequate as regards space, and also lends itself 
readily to probe feeds to coaxial-line cavities, etc. Between 
2 and 6Gc/s, where large-section waveguide is normally used, 
there would seem to be a very good case for strip-line. Once 
the X-band is reached, however, the design of strip-line com- 
ponents is much more difficult; in particular, waveguide-to-strip- 
line transitions, hybrids and crystal mounts require closer 
tolerances. 

It would thus appear that the author has chosen the ideal field 
for the exploitation of printed microwave circuits, and that 
engineers in the other parts of the mircowave field can only 
admire, but not imitate. 


* Dukes, J. M. C.: Proceedings I.E.E., Paper No. 2401 R, August, 1957 (see 
105 B, p. 155). 


Finally, has the author considered the use of flexible backing? 
I believe that C.S.F. in France has produced a very fine filter! 
consisting of a number of feet of printed circuit, rolled up and) 
canned. | 

Mr. J. M. C. Dukes (in reply): Table 1 could be extended, as), 
Mr. Jamieson suggests, by the addition of the following twoy 
columns (as before, the numbers indicate order of preference): 


Property Coaxial Waveguide 

Ease of fabrication 6 5 

Bulk or weight 4 5 

Ease of testing <I <a 

Ease of analysis <1 <al 

Dissipative losses 3 <a 

Radiation losses <1 <1 

Topological limitations As for triplate Similar to balanced} 
(i.e. rather severe) line 


Appropriate fields of Broad-band com- Medium bandwidt y 


application ponents and components and} 
medium-Q-fac- high-Q-factor 
tor filters filters 


Rectangular waveguide may be regarded as a form of balanced} 
strip transmission line, and the properties are in many ways! 
similar. It is likewise not easily connected to coaxial cable—a! 
disadvantage which is accentuated by its dispersive properties.) 
It lends itself somewhat more easily to the formation of E-plane: 
series junctions, and has the obvious advantage that radiation’ 
can be expressed completely, or virtually so. Coaxial line 
resembles triplate very closely; the only practical advantage being: 
the greater ease with which spurious mode propagation may be 
avoided. 

Mr. Jamieson’s classification of microwave systems would 
appear to ignore at least two important fields of interest, namely, 
low-power airborne radar equipment and broad-band microwave 
receivers. Strip transmission lines may be used with advantage 
in both these applications. As suggested by Mr. Jamieson, it 
may also be used on microwave links, but so far the application 
has been limited to p.t.m. systems or low-channel-capacity’ 
fm. systems. With trunk-route f.m. systems carrying 600 o 
more speech channels, the very low reflection coefficient essential 
to an acceptable level of intermodulation noise has so far 
tended to discourage the adoption of strip transmission line 
techniques. 
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Combined Operations 


The complexity of modern radio-multichannel systems involving 
hundreds of telephone channels has brought about a collabor- 
ation between the two leading specialist organizations in the 
field—Marconi’sin radio, and A.T.E. in carrier transmission. 


This completely unified approach to development, 
systems planning, supply, installation, maintenance 
of equipment and training of personnel covers 
radio-multichannel systems in the V.H.F., 
U.H.F. and S.H.F. frequency bands all 
over the world. 
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